MOLECULAR, GENETIC AND BIOCHEMICAL CHARACTERIZATION OF OLEIC ACID- AND GLYCEROL-MEDIATED SIGNALING IN PLANT DEFENSE by Venugopal, Srivathsa C.
University of Kentucky 
UKnowledge 
Theses and Dissertations--Plant Pathology Plant Pathology 
2008 
MOLECULAR, GENETIC AND BIOCHEMICAL CHARACTERIZATION 
OF OLEIC ACID- AND GLYCEROL-MEDIATED SIGNALING IN 
PLANT DEFENSE 
Srivathsa C. Venugopal 
University of Kentucky, scvenuz@uky.edu 
Right click to open a feedback form in a new tab to let us know how this document benefits you. 
Recommended Citation 
Venugopal, Srivathsa C., "MOLECULAR, GENETIC AND BIOCHEMICAL CHARACTERIZATION OF OLEIC 
ACID- AND GLYCEROL-MEDIATED SIGNALING IN PLANT DEFENSE" (2008). Theses and Dissertations--
Plant Pathology. 11. 
https://uknowledge.uky.edu/plantpath_etds/11 
This Doctoral Dissertation is brought to you for free and open access by the Plant Pathology at UKnowledge. It has 
been accepted for inclusion in Theses and Dissertations--Plant Pathology by an authorized administrator of 
UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu. 
STUDENT AGREEMENT: 
I represent that my thesis or dissertation and abstract are my original work. Proper attribution 
has been given to all outside sources. I understand that I am solely responsible for obtaining 
any needed copyright permissions. I have obtained needed written permission statement(s) 
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing 
electronic distribution (if such use is not permitted by the fair use doctrine) which will be 
submitted to UKnowledge as Additional File. 
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and 
royalty-free license to archive and make accessible my work in whole or in part in all forms of 
media, now or hereafter known. I agree that the document mentioned above may be made 
available immediately for worldwide access unless an embargo applies. 
I retain all other ownership rights to the copyright of my work. I also retain the right to use in 
future works (such as articles or books) all or part of my work. I understand that I am free to 
register the copyright to my work. 
REVIEW, APPROVAL AND ACCEPTANCE 
The document mentioned above has been reviewed and accepted by the student’s advisor, on 
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of 
the program; we verify that this is the final, approved version of the student’s thesis including all 
changes required by the advisory committee. The undersigned agree to abide by the statements 
above. 
Srivathsa C. Venugopal, Student 
Dr. Pradeep Kachroo, Major Professor 
Dr. Lisa J. Vaillancourt, Director of Graduate Studies 
 
 
 
 
 
 
 
 
 
 
ABSTRACT OF DISSERTATION 
 
 
 
 
 
 
 
 
 
 
SRIVATHSA C VENUGOPAL 
 
 
 
 
 
 
 
 
 
THE GRADUATE SCHOOL 
 
UNIVERSITY OF KENTUCKY 
 
2008 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
MOLECULAR, GENETIC AND BIOCHEMICAL CHARACTERIZATION OF OLEIC 
ACID- AND GLYCEROL-MEDIATED SIGNALING IN PLANT DEFENSE 
  
 
 
ABSTRACT OF DISSERTATION 
 
 
A dissertation submitted in partial fulfillment of the requirements  
for the degree of Doctor of Philosophy in the  
College of Agriculture at the 
University of Kentucky 
 
 
By  
Srivathsa C Venugopal 
Lexington, Kentucky 
 
Director: Dr. Pradeep Kachroo, Associate Professor of Plant Pathology  
Lexington, Kentucky 
2008 
 
Copyright © Srivathsa C Venugopal 2008 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
ABSTRACT OF DISSERTATION 
 
 
 
 
MOLECULAR, GENETIC AND BIOCHEMICAL CHARACTERIZATION OF OLEIC 
ACID- AND GLYCEROL-MEDIATED SIGNALING IN PLANT DEFENSE 
 
Oleic acid (18:1) is one of the important monounsaturated fatty acids, which is 
synthesized upon desaturation of stearic acid and this reaction is catalyzed by the SSI2 
encoded stearoyl-acyl-carrier-protein-desaturase. A mutation in SSI2 leads to constitutive 
activation of salicylic acid (SA)-mediated defense responses. Consequently, these plants 
accumulate high levels of SA and show enhanced resistance to bacterial and oomycete 
pathogens. Replenishing 18:1 levels in ssi2 plants, via a second site mutation in GLY1 
encoded glycerol-3-phosphate (G3P) dehydrogenase, suppresses all the ssi2-triggered 
phenotypes. Study of mechanism(s) underlying gly1-mediated suppression of ssi2 
phenotypes showed that 18:1 levels are regulated via acylation with G3P and a balance 
between G3P and 18:1 is critical for the regulation of defense signaling pathways. To 
establish a role for 18:1 and G3P during host defense, interaction between Colletotrichum 
higginsianum and Arabidopsis was studied. Resistance to C. higginsianum correlated 
with host G3P levels. The gly1 plants showed increased susceptibility while act1 plants, 
defective in utilization of G3P, showed enhanced resistance. Plant overexpessing GLY1 
showed enhanced resistance in both wild type as well as camalexin deficient 
backgrounds. Together, these results suggested that G3P conferred resistance acted 
downstream or independent of camalexin. 
 
 Exogenous application of glycerol lowered 18:1 levels and produced ssi2-like 
phenotypes in wild-type plants. Furthermore, glycerol application or the ssi2 mutation 
produced similar phenotypes in fatty acid desaturation mutants and mutants defective in 
SA/resistance gene signaling. Expression studies showed that ssi2 phenotypes were likely 
due to increased expression of resistance genes. Epistatic analysis suggested that certain 
components of SA pathway had redundant function and were required for 18:1-regulated 
signaling. 
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CHAPTER 1 
 
INTRODUCTION 
 
Plants have evolved highly specific mechanisms to resist pathogens. One of the common 
ways to counter pathogen growth involves the deployment of resistant (R) proteins, 
which confers protection against specific races of pathogens carrying corresponding 
avirulence (Avr) genes (Flor, 1971).  Since a majority of R proteins do not interact 
directly with their cognate Avr proteins, it is believed that most R proteins likely function 
as indirect receptors for the appropriate Avr protein. It has been suggested that R proteins 
“guard” other proteins that are targets of Avr proteins (Van der Biezen and Jones, 1998; 
reviewers in Innes, 2004).  
 
Upon recognition, the host plant initiates one or more signal transduction pathways that 
activate various plant defenses, and thereby avert pathogen colonization. In many cases, 
induction of these responses is accompanied by localized cell death at the site of 
pathogen entry, which is often able to restrict the spread of pathogen to cells within and 
immediately surrounding the lesions. This phenomenon known as the hypersensitive 
response (HR) is one of the earliest visible manifestations of induced defense response 
and resembles programmed cell death in animals (Flor, 1971; Greenberg et al., 1994; 
Dangl et al., 1996; Hammond-Kosack and Jones, 1996; Jabs et al., 1996; Gray, 2002). 
Concurrent with HR development, defense reactions are triggered in both local as well as 
in parts distant from the site of primary infection. This phenomenon, known as systemic 
acquired resistance (SAR), is one of the best studied induced defense responses and is 
accompanied by a local and systemic increase in the endogenous salicylic acid (SA) and a 
concomitant upregulation of a large set of defense genes, including genes that encode 
pathogenesis related (PR) proteins (Ward et al., 1991; Gaffney et al., 1993; Uknes et al., 
1993; Dong, 2001). 
 
The SA-signal transduction pathway plays a pivotal role in plant defense signaling (see 
review by Durrant and Dong, 2004). When SA accumulation is suppressed in tobacco 
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and Arabidopsis by expression of the nahG transgene, which encodes the SA-degrading 
enzyme SA hydroxylase, susceptibility to both compatible and incompatible pathogens is 
enhanced and PR gene expression is suppressed (Delaney et al., 1994; Gaffney et al., 
1993). Similarly, Arabidopsis mutants that are impaired in SA responsiveness, such as 
npr1 (Cao et al., 1997, Ryals et al., 1997; Shah et al., 1997), or pathogen-induced SA 
accumulation, such as eds1 (Enhanced disease susceptibility 1; Falk et al., 1999), eds5 
(Enhanced disease susceptibility 5; Nawrath et al., 2002), sid2 (isochorishmate synthase; 
Wildermuth et al., 2001) and pad4 (phytoalexin deficient 4; Jirage et al., 1999), exhibit 
enhanced susceptibility to pathogen infection and impaired PR gene expression. The 
EDS1, NPR1, EDS5, PAD4 and SID2 proteins participate in both basal disease resistance 
to virulent pathogens as well as R protein-mediated resistance to avirulent pathogens 
(Figure 1.1). Defense signaling mediated via a majority of R proteins, which contain 
Toll-interleukin1-like (TIR) domains at their N-terminal ends, is dependent on EDS1. 
Conversely, the NDR1 (Non-race-specific Disease Resistance) protein is required for 
many R proteins that contain coiled coil (CC) domains at their N-terminal ends. Besides 
EDS1 and NDR1, R protein-mediated signaling is also known to require the RAR1 
(required for Mla12 resistance) and SGT1 (suppressor of G2 allele of skp1) proteins, 
which are implicated as possible regulators of protein ubiquitylation (Dodds and 
Schwechheimer, 2002; Muskett and Parker, 2003). RAR1 is also required for 
accumulation of R-proteins (Boyes et al 1998; Axtell and Staskawicz, 2003; Austin et al, 
2002; Holt et al., 2005). Both RAR1 and SGT1 are known to physically associate with 
HSP (heat shock protein) 90 and likely serve as co-chaperones. Unlike EDS1 and NDR1, 
RAR1 and SGT1 proteins can mediate signaling via R proteins that contain either TIR or 
CC domains at their N-terminal ends. 
 
The EDS1 is also required for HR formation in several Arabidopsis mutants that are 
constitutively induced in their defense (for example, lsd1, acd11, ssi4, and bon2; Yang et 
al., 2006; Bartsch et al., 2006; Brodersen et al., 2002; Zhou et al., 2004). The eds1 
mutation completely or partially overcomes the cell death phenotypes of syn121 and 
mpk4 mutations. However eds1 does not abolish the cell death in ssi2 plants, suggests 
that EDS1 is not the sole regulator of cell death (Brodersen et al., 2006; Zhang et al., 
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2007). A requirement for PAD4 in certain HR phenotypes further suggests that cell death 
can be regulated by various downstream components (Feys et al, 2001; Jirage et al., 
1999). 
 
The EDS1 and PAD4 proteins show homology to lipase/esterase-like proteins, although 
the lipase activity has not been detected in these proteins as yet (Falk et al., 1999; Jirage 
et al., 1999). EDS1 interacts with PAD4 and SAG (senescence associated gene) 101 
(Feys et al., 2005; Wiermer et al., 2005). The combined activity of PAD4 and SAG101 is 
required for HR formation and to restrict the growth of virulent bacterial strains (Feys et 
al., 2005). PAD4 and SAG101 together are involved in restricting the post-invasive 
growth of non-pathogenic fungi in Arabidopsis (Lipka et al., 2005). 
 
In addition to SA, jasmonic acid (JA) and ethylene are two other important signal 
molecules in plant defense against pathogens. The role of JA in defense signaling was 
established by creating the fad3 fad7 fad8 triple mutant, which is unable to accumulate 
JA precursor (linolenic acid) and is highly susceptible to both insect and fungal 
pathogens (Vijayan et al., 1998; McConn et al., 1997). Similarly, the JA-insensitive coi1 
and jar1 mutants show enhanced susceptibility to fungal pathogens (Penninckx et al., 
1996; Staswick  et al., 1998; Thomma et al., 1998; Kachroo et al., 2001) and suppress 
expression of JA-inducible defense genes, PDF1.2 and THI2.1 (Epple et al., 1995; 
Penninckx et al., 1998; Kachroo et al., 2001). A defect in ethylene signaling also impairs 
expression of PDF1.2 and renders plants susceptible to infection by Alternaria 
brassicicola and Botrytis cinerea (Alonso et al., 2003; Thomma et al., 1999). Conversely, 
constitutive expression of ethylene response factor (ERF1) enhances resistance to the 
necrotrophic fungi B. cinerea, Plectosphaerella cucumerina and Fusarium oxysporum 
(Berrocal-Lobo and Molina, 2004; Berrocal-Lobo et al., 2002). Recent work also 
suggests a role for the JA pathway in SAR (Truman et al., 2007).  
 
Several lines of evidence point to the existence of an intricate signaling network 
involving SA, JA and ethylene, which leads to fine tuning of defense responses. Although 
SA and JA activate distinct signaling pathways, there is a growing body of literature that 
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shows that these pathways do not function entirely independently. Rather, they are 
involved in a complex signaling network, which influences the magnitude or amplitude 
of various signals derived from these pathways (Kunkel and Brooks, 2002). JA also 
shows antagonistic effect on SA-dependent signaling pathways (Seo et al., 1997; 
Creelman et al., 1997). Similarly, various pharmacological and genetic experiments have 
shown that SA is a potent suppressor of JA signaling pathway (Pena-Cortes et al., 1993; 
Doares et al., 1995; Harms et al., 1995; Niki et al., 1998; Gupta et al., 2000; Spoel et al., 
2003). The mechanism of cross talk between SA and JA signaling pathways in plant 
defense response remains to be elucidated. 
 
In addition to the major phytohormones, fatty acid (FA)-derived signal also plays an 
important role in plant defense (Vijayan et al., 1998; Kachroo et al., 2001, 2003b, 2004; 
Weber, 2002; Li et al., 2003; Yaeno et al., 2004). De novo fatty acid (FA) synthesis 
occurs exclusively in the plastids of all plant cells and leads to the synthesis of palmitic 
acid (16:0)-acyl carrier protein (ACP) and oleic acid (18:1)-ACP (Ohlrogge and Browse, 
1995; Figure 1.2). These FAs either enter glycerolipid synthesis via the prokaryotic 
pathway in the inner envelope of chloroplasts or they are exported from plastids as CoA 
thioesters to enter the eukaryotic glycerolipid synthesis pathway. The 18:1-ACP is 
generated upon desaturation of stearic acid (18:0)-ACP and this reaction is catalyzed by 
the SSI2/ FAB2-encoded stearoyl-ACP desaturase (SACPD). The 18:1-ACP generated in 
this reaction enters the prokaryotic pathway through acylation of glycerol 3-phosphate 
(G3P) to generate phosphatidic acid (PA), and this reaction is catalyzed by the ACT1-
encoded G3P acyltransferase. PA serves as a precursor for the synthesis of several other 
glycerolipids (Figure 1.2). 
 
G3P is an obligatory component and precursor for the biosynthesis of all plant 
glycerolipids, including storage lipids. Plants appear to generate G3P either via the G3P 
dehydrogenase (G3Pdh)-catalyzed reduction of dihydroxyacetone phosphate (DHAP) or 
via the glycerokinase (GK)-catalyzed phosphorylation of glycerol (Figure 1.2). Glycerol, 
a polyalcohol produced during the breakdown of glucose, proteins, pyruvate, 
triacylglycerols and other glycerolipids, is a common cellular metabolite present in a 
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wide range of organisms. The fundamentally important role of glycerol metabolism is 
underscored by the high degree of sequence conservation among proteins catalyzing 
these reactions from evolutionary diverse organisms (Brisson et al., 2001). It has been 
suggested that glycerol is a primary transferred carbon metabolite during intercellular 
growth of Colletotrichum gloesporioides it its host, round leaved mallow (Malva pusilla) 
(Wei et al., 2004).  
 
The relative contributions of G3Pdh or GK enzymes to the generation of G3P pools and 
overall glycerolipid biosynthesis is unclear. This situation is further complicated by the 
presence of several cytosolic, mitochondrial and plastidial isoforms of the G3Pdh (Wei et 
al., 2001; Shen et al., 2003). A mutation in GLY1-encoded G3Pdh results in reduced 
carbon flux through the prokaryotic pathway, which leads to a reduction in the 
hexadecatrienoic acid (16:3) levels (Miquel et al., 1998; Miquel, 2003). The gly1 plants 
continue to show normal growth characteristics, suggesting that the contribution from the 
other G3Pdh and increased flux through the eukaryotic pathway compensates for their 
defect. The gly1 phenotype can be complemented by glycerol application, which suggests 
that the gly1 plants have a reduced pool of plastidial G3P (Miquel et al., 1998).  
 
Glycerolipid metabolism is also regulated by the levels of oleic acid (18:1) in the cell. 
The SACPD catalyzed synthesis of 18:1 regulates the levels of monounsaturated FA in 
the cell (Ohlrogge and Browse, 1995). A mutation in SSI2 encoded SACPD leads to 
reduced levels of 18:1 and increased levels of 18:0 in the Arabidopsis leaves. The SSI2 
encoded SACPD preferentially desaturates 18:0 between carbon 9 and 10 to yield 18:1∆9.  
A mutation in ssi2 confers stunted phenotype, constitutive PR gene expression, 
spontaneous lesion formation, and enhanced resistance to both bacterial and oomycete 
pathogens (Shah et al., 2001; Kachroo et al., 2001). By contrast, the ssi2 plants are unable 
to induce JA-responsive gene PDF1.2 and show enhanced susceptibility to necrotrophic 
pathogen Botrytis cinerea (Kachroo et al., 2001 and 2003b). The activity of the mutant S-
ACP-DES enzyme was reduced 10-fold resulting in elevation of the stearic acid (18:0) 
content in ssi2 plants (Kachroo et al., 2001). However, an increase in 18:0 does not 
contribute to altered defense signaling since several ssi2 suppressors show wild type (wt)-
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like signaling and yet accumulate high levels of 18:0 (Kachroo et al., 2003a). SACPD 
catalyzed reaction appears to be conserved in Arabidopsis and soybean and loss of 
SACPD activity in soybean, and thereby the reduced levels of 18:1, induces constitutive 
defense signaling and confers broad-spectrum disease resistance to multiple pathogens 
(Kachroo et al., 2008).  
 
A mutation in ssi2 also results in reduction in 18:1 content. The altered morphology and 
defense phenotypes in the ssi2 plants are restored by a loss-of-function mutation in the 
ACT1-encoded glycerol-3-phosphate (G3P) acyltransferase, or in the GLY1-encoded G3P 
dehydrogenase, both of which elevate 18:1 levels in the ssi2 plants (Kachroo et al., 
2003b; Kachroo et al., 2004). A mutation in gly1 and act1 results in reduced carbon flux 
through the prokaryotic pathway, which leads to a reduction in the hexadecatrienoic 
(16:3) acid levels (Kunst et al., 1988; Miquel et al., 1998). However, the gly1 and act1 
plants continue to show normal growth characteristics, suggesting that increased flux 
through the eukaryotic pathway compensates for their defect. Because both 18:1 and G3P 
are required for the acyltransferase-catalyzed reaction, a reduction in either is likely to 
reduce the carbon flux through ACT1.  
 
The following objectives were studied to further characterize the 18:1-regulated signaling 
in Arabidopsis. 
1. Characterize the gly1-mediated suppression of ssi2 phenotypes. 
2. Study the role of fatty acid- and salicylic acid-mediated pathways in ssi2-mediated 
signaling. 
3. Characterize 18:1-regulated induction of R genes. 
4. Characterize the roles of 18:1 and G3P in the interaction between Arabidopsis and 
Colletotrichum higginsianum.  
  
 
 
 
 
 7 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. A condensed scheme of salicylic acid- or R protein-mediated signaling 
pathway. The resistance mediated by toll-interlukin1-like, nucleotide-binding (NB)- 
leucine rich repeat (LRR) type of R proteins depends on Enhanced Disease Susceptibility 
(EDS)1, a lipase-like protein. The plasma membrane-localized, nonrace-specific disease 
resistance protein, NDR1, is required for many NB-LRR R proteins that contain coiled-
coil domains at their N termini. The EDS1 protein interacts with PAD4 and SAG101, 
which show homology to lipase-like protein and acyl hydrolase activity, respectively. 
EDS5 encode membrane-bound multidrug and toxin-extrusion transporter-like protein 
and acts downstream to EDS1. SID2 encodes isochorismate synthase which participates  
in SA biosynthesis. Increase in SA leads to accumulation of pathogenesis related (PR) 
proteins. 
 
 
SA 
SA-/R protein-mediated pathway(s) 
NDR1 
EDS1 
PAD4 
EDS5 
SAG101 
Defense 
SID2 
PR 
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Figure 1.2. A condensed scheme of lipid biosynthesis in the chloroplasts of Arabidopsis 
leaves. Acetyl CO-A carboxylase (ACCase) and FA synthase (FAS) are key complex 
enzymes involved in the biosynthesis of palmitic acid (16:0)-acyl carrier protein (ACP). 
Upon elongation stearic acid (18:0)-ACP undergoes desaturaion to oleic acid (18:1)-ACP 
and this reaction is catalyzed by the SSI2 encoded stearoyl-ACP-desaturase. The 18:1-
ACP generated in this reaction enters the prokaryotic pathway through acylation of 
glycerol-3-phosphate (G3P) and this reaction is catalyzed by the ACT1-encoded G3P 
acyltransferase. G3P can be made via the GLI1 encoded glycerol kinase (GK) or via the 
GLY1 encoded G3P dehydrogenase (G3Pdh). 18:1-ACP is also exported out of plastid as 
Co-A thioesters to enter eukaryotic pathway. Esterification of the CoA group is mediated 
by acyl-CoA synthetase (ACS). The 18:1 present in the plastidal membranous 
glycerolipid (GL) is converted to 18:2 and 18:3 by the FAD6 and FAD7/FAD8 encoded 
desaturases, respectively. Similarly, 18:1 present in endoplasmic reticulum (ER) is 
converted to 18:2 and 18:3 by the FAD2 and FAD3 encoded desaturases, respectively. 
The 16:0 present in plastidal membranous GL is convered to 16:1 by the FAD4/FAD5 
encoded desaturases. C, carbon; P, phosphate; O, oxygen; DHAP, dihydroxyacetone 
phosphate; Lyso-PA, 1-acyl-G3P; PA, phosphatidic acid. 
 
Copyright © Srivathsa C Venugopal 2008 
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CHAPTER 2 
 
MATERIALS AND METHODS 
 
Plant growth conditions and genetic analysis 
The seeds were sown on soil and subjected to overnight cold treatment to achieve 
synchronized germination. The plants were grown in MTPS 144 (Conviron, Winnigen, 
MN, Canada) walk-in chamber at 22oC, 65% relative humidity and 14 h photoperiod. 
Genotypes used in this study are listed in Table 2.1. All crosses were performed by 
emasculating the flowers of recipient genotype and pollinatng with the pollen from the 
donor. The wt and mutant alleles were identified by PCR, CAPS (Konieczny and 
Ausubel, 1993), or dCAPS (Neff et al., 1998) analysis or based on the FA profile. The 
primers used for genotyping are listed in Table 2.2.  
 
Sequencing  
The sequencing reaction was carried out in 10 µL total volume containing 50 µg of PCR- 
or gel- purified-DNA (Qiagen), 1 µL of 5 µM primer and 1 µL of BigDye Terminator 
V3.1 (Applied Biosystems, CA-USA). The reaction product was precipitated, washed 
with 70% alcohol and air-dried before submitting to sequencing facility at Advanced 
Genetic Technologies Center (AGTC), Department of Plant Pathology, University of 
Kentucky. 
 
Glycerol, G3P, SA, BTH and JA treatments 
Glycerol (50 mM; VWR or Invitrogen), G3P (25 or 50 mM; Sigma), SA (500 µM; 
Sigma) and BTH (100 µM; CIBA-GEIGY Ltd) were prepared in water. JA (50 µM; 
Sigma) and MeJA (10%; Aldrich) were dissolved in ethanol and methanol, respectively. 
JA was diluted in water and MeJA was used directly as 10% solution. Glycerol, mannitol, 
sorbitol, SA, BTH and JA were sprayed and only JA treated plants were covered with a 
transparent dome. G3P was either injected or sprayed.  
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Trypan-blue staining 
The leaves were vacuum-infiltrated with trypan-blue stain prepared in 10 mL acidic 
phenol, 10 mL glycerol, and 20 mL sterile water with 10 mg of trypan blue. The samples 
were placed in a heated water bath (90oC) for 2 min and incubated at room temperature 
for 2-12 h. The samples were destained using chloral hydrate (25 g/10 mL sterile water; 
Sigma), mounted on slide and observed for cell death under compound microscope. The 
samples were photographed using AxioCam camera (Zeiss, Germany) and images were 
analyzed using Openlab 3.5.2 (Improvision) software. 
 
Bacterial transformation 
Heat-shock method was used for bacterial transformation. A single isolated colony of 
DH5α cells (Invitrogen) was grown overnight in 5 mL LB broth at 37oC. A 1% inoculum 
from overnight grown culture was transferred into 100 mL LB broth, grown to an OD of 
0.5 (A600) and chilled on ice for 15 min. The cells were centrifuged at 3000 rpm for 10 
min at 4oC, and the pellet was suspended in 50 mL ice-cold Tfb1 buffer containing 30 
mM Potassium acetate pH 5.8, 100 mM RbCl2, 10 mM CaCl2 and 15% glycerol. After a 
30 min incubation on ice, the cells were again centrifuged at 3000 rpm for 10 min and the 
pellet was resuspended in 5 mL of ice-cold Tfb II buffer (10 mM MOPS pH 6.5, 75 mM 
CaCl2 10 mM RbCl2, 15% glycerol). After 15 min incubation on ice, these cells were 
dispensed as 100 mL aliquots in 1.5 mL microfuge tubes and stored at -80oC till further 
use. For transformation ~50 ng of DNA was mixed with 100 µL of competent cells, 
incubated on ice for 30 min, followed by heat shock at 42oC for 90 Sec. The cells were 
chilled on ice for 5 min, mixed with 1 mL of LB broth and incubated at 37oC for 30 min. 
The transformed cells were plated on LB-agar plates containing appropriate antibiotic 
and incubated overnight at 37oC.  
    
Pathogen infection 
Hyalopernospora parasitica:  
The asexual conidiospores of H. parasitica Emco5 were maintained on a susceptible host 
Nossen (Nö) or Nö NahG (Shah et al., 2001). The spores were removed by agitating the 
infected leaves in water and suspended to a final concentration of 105 spores/mL. Two-
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week-old seedlings were sprayed with spore suspension and transferred to MTR30 reach-
in chamber (Conviron) maintained at 17oC, 98% relative humidity and 8 h photoperiod. 
Plants were scored at ~14 dpi and the conidiophores were counted under the dissecting 
microscope.  
 
Pseudomonas syringe Pv. tomato: 
The bacterial strain DC3000 derivatives containing pVSP61 (empty vector), AvrRpt2, 
AvrRps4 or AvrRpm1 were grown overnight in King’s B medium containing rifampicin 
(Sigma). The bacterial cells were harvested, washed and suspended in10 mM MgCl2. The 
cells were diluted to a final density of 105 to 107/mL (A600) and used for infiltration. The 
bacterial suspension was injected into the abaxial surface of the leaf using a needle-less 
syringe. Three leaf discs from the inoculated leaves were collected at 0, 3 or 6 dpi. The 
leaf discs were homogenized in 10 mM MgCl2, diluted 103 or 104 fold and plated on 
King’s B medium. The plates were incubated at 29oC and colonies were counted using 
Colony counter (Fisher Scientific). 
  
Colletotrichum higginsianum: 
Colletotrichum higginsianum Sacc. (IMI 349063) obtained from CABI Biosciences 
(Egham, Surrey, U.K.) was maintained on oat meal agar (Difco). Two- or three-week-old 
spores were harvested by agitating mycelia in sterile water followed by filtration through 
four layers of cheese cloth. The spores were washed once and re-suspended in sterile 
water. The spore concentration was determined using hemocytometer and diluted to 105 
or106 spores/mL. The plants were inoculated by spray or spot method (5-10 µL spot/leaf). 
The inoculated plants were covered with a transparent plastic dome and transferred to 
Conviron PGV36 walk-in chamber. Disease symptoms were scored at 4-14 dpi. The 
disease severity of spray-inoculated leaves was assessed based on the amount of necrotic 
lesions present on the leaves. The lesion size on the spot-inoculated leaves was measured 
using a digital Vernier caliper.  
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DNA extraction  
Small scale extraction was carried out from a single Arabidopsis leaf. Leaf sample was 
frozen in liquid nitrogen and ground using disposable pestle (Fisher Scientific). The 
extract was suspended in 150 µL of DNA extraction buffer containing 200mM Tris, 
25mM EDTA, 1% SDS and 250 mM NaCl. The homogenate was mixed with 75 µL of 
phenol: chloroform: isoamyl alcohol (25:24:1) and centrifuged for 10 min at high speed. 
The supernatant was precipitated with 100 µL of isopropanol and centrifuged 
immediately for 10 min at high speed. The DNA pellet was air dried and suspended in 40 
µL of water or Tris:EDTA (10:1, pH 8.0). 
 
RNA extraction, Reverse Transcriptase- Polymerase Chain Reaction and Northern 
analysis 
RNA extraction was carried out in Trizol reagent (Invitrogen). Two or three Arabidopsis 
leaves were frozen in liquid nitrogen, ground using disposable pestles and suspended in 1 
mL of Trizol. To this 200 µL of chloroform was added and the samples were centrifuged 
at high speed for 15 min. The supernatant was precipitated with 0.5 mL of isopropanol. 
The RNA precipitate was washed with 75% alcohol, air dried and suspended in 15-20 µL 
of DEPC treated water. The RNA was quantified spectrophotometrically (A260) and 7 µg 
of total RNA was electrophoresed on 1.5% agarose gel containing 3% formaldehyde and 
1X MPOS. MOPS buffer was prepared by mixing 4.18 g MOPS, 680 mg NaOAc, 37 mg 
EDTA in 1 L sterile water and adjusted to pH 7.0. Before loading, RNA was mixed with 
with 39 µg/mL ethidium bromide, 0.39X MOPS, 13.7% formaldehyde and 39% 
formamide, denatured at 65oC for 15 min, chilled on ice for 15 min and mixed with 2µL 
of RNA loading dye (50% glycerol, 1mM EDTA, 0.4% bromophenol blue and 0.4% 
xylene cyanol).  
 
For cDNA synthesis, total RNA was denatured at 65oC and annealed to oligo dT17. The 
reaction mixture was supplemented with 1 µL reverse transcriptase (200U/µL), 1 µL 
RNAase inhibitor (40U/µL), 0.5 mM dNTPs and 10 mM DTT and incubated at 42oC for 
1 h. The reaction was stopped by incubating the tubes at 75oC for 15 min and 
subsequently used for RT-PCR.  
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For northern analysis, RNA was transferred onto Hybond-NX (GE Healthcare) nylon 
membrane. After overnight wet-transfer, RNA was fixed under UV for 0.9 min in a CL-
1000 ultraviolet Cross-linker (UVP). The membrane was washed in 2xSSC, dried at 65oC 
and used for hybridization. The membrane was hybridized in sodium phosphate buffer 
(pH 7.0) containing sheared salmon sperm DNA (100 µg/mL), 7% SDS and 1.25 mM 
EDTA. 
 
Synthesis of probe and hybridization 
DNA fragments were labeled using DNA polymerase I Klenow fragment. DNA 
fragments used for labeling were PCR- or gel-purified (Qiagen), denatured and mixed 
with Klenow enzyme (2000U/mL), hexanucleotide primers, dATP, dGTP, dTTP, BSA 
and 50 µCi α-32P-dCTP (Perkin Elmer/NEN Radiochemicals). The reaction was 
incubated at 37oC for 1 h and purified using MicroSpin G-50 sephadex column (GE 
Healthcare). The labeled DNA was denatured using one-tenth volume of 2N NaOH, 
neutralized with 1M Tris pH 7.5 and added to the hybridization buffer. Hybridization was 
routinely carried out overnight. The hybridized membrane was washed once at room 
temperature with 2xSSC, 0.5% SDS, twice at 65oC with 2xSSC, 0.5% SDS and once at 
65oC with 1xSSC, 0.1%SDS solutions. The membrane was exposed using a Storage 
Phosphor Screen (Amersham Biosciences) and scanned on a Typhoon 9400 Variable 
Mode Imager (GE Healthcare). The signal intensity was quantified using ImageQuant TL 
V2005 software.  
 
Fatty acid profiling 
For FA profiling, one or few leaves were placed in 2 ml of 3% H2SO4 in methanol 
containing 0.001% butylated hydroxytoluene (BHT). After 30 minute incubation at 80oC, 
1 ml of hexane with 0.001% BHT was added. The hexane phase was then transferred to 
vials for gas chromatography (GC). One-microliter samples were analyzed by GC on a 
Varian FAME 0.25 mm x 50 m column and quantified with flame ionization detection. 
The identities of the peaks were determined by comparing the retention time with known 
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FA standards. Mole values were calculated by dividing peak area by molecular weight of 
the FA.  
 
Lipid profiling 
For total lipid extraction, six to eight leaves were boiled at 75oC in isopropanol 
containing 0.01% BHT for 15 min. To this 1.5 mL chloroform and 0.6 mL water were 
added and lipids were extracted by agitating these samples for 1 h at room temperature. 
The lipids were re-extracted in chloroform: methanol (2:1) until the leaves were 
completely bleached. The aqueous content was removed by partitioning with 1M KCl 
and water. The lipid extract (~ 20 mL) was dried under a gentle stream of nitrogen gas 
and re-dissolved in 0.5 mL chloroform. Lipid analysis and acyl group identification was 
carried out using the automated electrospray ionization-tandem mass spectrometry 
facility at Kansas Lipidomics Research Center.  
 
Extraction and quantification of salicylic acid and SAG 
SA and SAG were extracted from ~300 mg of leaves using anisic acid as internal 
standard. Samples were analyzed on an Agilent 1100 (Agilent Technologies, Palo Alto, 
CA, USA) with diode-array detector and fluorescence-array detector detection, using a 
Novapak C18 column (Waters, Milford, MA, USA). Sample extraction and analysis was 
carried out in collaboration with Dr. Duroy Navarre’s laboratory at USDA-ARS, Prosser, 
Washington.  
 
Extraction and quantification of jasmonic acid  
For JA extraction, leaves (0.1g to 1g) were ground in liquid nitrogen and extracted in 
100% methanol using dihydro-JA (DJA; Sigma) as internal standard. The extract was 
acidified to pH ≤ 4 with 1M HCl and passed through tC-18 Sep-Pak columns (Waters: 
500mg: 3mL), which were pre-equilibrated with 75% methanol containing 0.2% Acetic 
acid. The column purified extract was saturated with sodium chloride and re-extracted in 
diethyl ether. The ether extract was completely dried under a gentle steam of nitrogen gas 
and methylated using diazomethane. The oxylipins were solublized in 0.5 mL hexane and 
dried to 10 µL under a gentle stream of nitrogen gas. One-microliter was injected into GC 
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attached to Electron Ionization Detector (Hewlett Packard, GCD Systems). The JA peaks 
were identified by mass spectrometric (MS) analysis. The peak area and the ratio between 
JA/DJA was used to calculate the amount of JA in the sample and expressed as nmol/g 
FW.  
 
Extraction and quantification of camalexin 
For camalexin estimations, 100 mg of leaf tissue was incubated in 400 ml of 80% 
methanol at 80oC for 20 min. The extract was concentrated to 75 ml under a gentle 
stream of nitrogen gas followed by addition of 75 ml of chloroform. The samples were 
vortexed, centrifuged at high speed and dried under a gentle stream of nitrogen gas. The 
dried samples were re-dissolved in chloroform and spotted on silica gel-TLC plate 
(Whatman; 60Ao, 20 x 20 cm, 250 mM thickness). The chromatogram was developed 
using ethyl acetate:hexane (100:15) solvent system and the camalexin was visualized as 
blue spots under ultra-violet light. The camalexin spots were removed from the TLC 
plate, extracted in methanol and the fluorescence was measured using a fluorimeter (315 
nm excitation and 385 nm emission wavelengths). The concentrations of camalexin were 
determined as ng/g FW by extrapolating from the standard curve. 
 
Extraction and quantification of glycerol-3-phosphate 
For extraction of G3P, 300mg of leaf tissue was ground in 80% ethanol using 2-
deoxyglucose as internal standard. The extract was boiled for 5 min, cooled on ice and 
centrifuged to remove the plant debris. The supernatant was freeze-dried and rehydrated 
in 1 mL sterile water. Then the extract was purified by passing through 0.45µ Nylon 
columns. The samples were run on PA1 columns and ion chromatography (BioLC or 
ICS3000, Dionex Inc.) was used to quantify G3P based on the peak areas of G3P and 2-
deoxyglucose.  
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Table 2.1. Seed materials used in the study. 
 
Sl No. Mutants and transgenic seeds References 
1 Columbia-0 (Col-0) Kachroo et al. (2003) 
2 Nossen (Nö) Kachroo et al. (2001) 
3 Landsberg erecta (Ler) Aarts et al. (1998) 
4 Wassilewskija (Ws-0) Aarts et al. (1998) 
5 fab2 Lightner et al. (1994), Kachroo et al. (2001) 
6 gly1-1 Miquel (1998), Kachroo et al. (2004) 
7 act1 Kunst et al. (1988), Kachroo et al. (2003) 
8 gli1 (nho1) Kang et al. (2003), Kachroo et al. (2005) 
9 35S-GLI1 Kang et al. (2003) 
10 35S-ACT1 Kachroo et al. (2004) 
11 ssi2 Kachroo et al. (2001) 
12 ssi2 gly1-3 Kachroo et al. (2004) 
13 fab2 gly1-1 Kachroo et al. (2004) 
14 eds1-1 Parker et al. (1996) 
15 eds1-2 Aarts et al. (1998) 
16 eds5-1 Nawrath et al. (2002) 
17 pad4-1 Jirage et al. (1999) 
18 ndr1-1 Century et al. (1997) 
19 sag101-1 Feys et al. (2005) 
20 sid2-1 Wildermuth et al. (2001) 
21 Nö-nahG Yamamotoj et al. (1965) 
22 Ler-nahG Bowling et al. (1994) 
23 npr1-1 Cao et al. (1997) 
24 npr1-5 Shah et al. (1997) 
25 fad2 Miquel and Browse (1992) 
26 fad3 Browse et al. (1993) 
27 fad4 Browse et al. (1985) 
28 fad5 Kunst et al. (1989) 
29 fad6 Falcone et al. (1994), Kachroo et al. (2003) 
30 fad7 Iba et al. (1993) 
31 fad7 fad8 Gibson et al. (1994) 
32 dgd1 Dormann et al. (1995) 
33 pad3 Glazebrook and Ausubel (1994) 
34 rar1-10 Muskett et al. (2002) 
35 rar1-21 Holt et al. (2005) 
36 rpm1-3 Boyes et al. (1998) 
37 rps2-101 Axtell and Staskawicz (2003) 
38 etr1-1 Chang et al. (1993) 
39 jar1 Staswick et al. (1992) 
40 coi1 Xie et al. (1998) 
41 fab2 gly1-1 fad6 Kachroo et al. (2004) 
42 ssi2 gli1 Kachroo et al. (2005) 
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Table 2.1 continued 
43 ssi2 act1 Kachroo et al. (2003b) 
44 ssi2 sid2 Kachroo et al. (2005) 
45 ssi2 nahG Shah et al. (2001) 
46 ssi2 eds1-2 Kachroo et al. (2005) 
47 ssi2 eds5-1 Kachroo et al. (2005) 
48 ssi2 pad4 Kachroo et al. (2005) 
49 ssi2 ndr1 Kachroo et al. (2005) 
50 ssi2 fad2 Kachroo et al. (2005) 
51 ssi2 fad3 Kachroo et al. (2005) 
52 ssi2 fad4 Kachroo et al. (2005) 
53 ssi2 fad5 Kachroo et al. (2005) 
54 ssi2 fad6 Kachroo et al. (2005) 
55 ssi2 fad7 Kachroo et al. (2005) 
56 ssi2 fad7 fad8 Kachroo et al. (2005) 
57 ssi2 act1 fad2 Kachroo et al. (2005) 
58 ssi2 act1 fad3 Kachroo et al. (2005) 
59 ssi2 act1 fad4 Kachroo et al. (2005) 
60 ssi2 act1 fad5 Kachroo et al. (2005) 
61 ssi2 act1 fad6 Kachroo et al. (2005) 
62 ssi2 act1 fad7 Kachroo et al. (2005) 
63 ssi2 dgd1 Kachroo et al. (2005) 
64 ssi2 dgd1 act1 Kachroo et al. (2005) 
65 35S-GLY1 Chanda et al. (2008) 
66 gli1 35S-GLY1 Present work 
67 ssi2 sag101 Present work 
68 ssi2 rar1-10 Present work 
69 ssi2 rar1-10 sid2 Present work 
70 ssi2 eds1-1 sid2 Present work 
71 ssi2 eds1-2 sid2 Present work 
72 ssi2 eds5 sid2 Present work 
73 ssi2 pad4 sid2 Present work 
74 ssi2 eds1-2 fad7 Present work 
75 ssi2 eds1-2 fad7 fad8 Present work 
76 ssi2 eds1-2 eds5 Present work 
77 ssi2 eds1-1 pad4 Present work 
78 ssi2 eds5 pad4 Present work 
79 ssi2 sag101 eds1-2 Present work 
80 ssi2 sag101 sid2 Present work 
81 eds1-1 sid2 Present work 
82 Ler nahG eds1-2 Present work 
83 ssi2 pad3 Present work 
84 ssi2 pad3 act1 Present work 
85 pad3 act1 Present work 
86 pad3 35S-GLY1 Present work 
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Table 2.2. List of primers used in this study. The name, sequence and the purpose for 
which the primers were used are listed. The enzymes used for dCAPS or CAPS markers 
are mentioned in parenthesis.   
 
Name Primer Purpose 
(enzyme) 
ssi2 TTG GTG GGG GAC ATG ATC ACA GAA GA 
AAG TAG GAC TAG CAC CTG TTT CAT CC 
dCAPS (Nsi I) 
fab2 CCA ATC AAG TAC TGA ATG GTC 
TTG  GCA ACC CCA GGA TTT CTT 
CAPS  
(Sau96A I) 
gly1-1 AAC CGA TGT TCT TGA GCG TAC TCG CCAG CAA 
CAA CCT AAA AAC CCC CAG ATT C 
dCAPS (BstN I) 
gly1-3 GGT CTG GAG CTT AAT ACT CTT 
AAG AGT ATT AAG CTC CAG ACC 
CAPS (Bcc I) 
eds1-1 CGA GGT GCT CGG TTT ATT G 
AAA TGT CGA TGG TAG TTT GC 
dCAPS (Mse I) 
pad4-1 ACC GAG GAA CAT CAG AGG TAC 
AAA TTC GCA ATG TCG AGT GGC 
CAPS (BsmF I) 
eds5-1 CAA ATC AAC ATT TGT TTC CTG TGT TTT TG 
CAT GAA GAA AGG TAT AAG CAG TCT ATG GAT 
dCAPS  
(Sau3A I) 
sid2-1 CTG TTG CAG TCC GAA AGA CGA 
CTA GAG CTG ATC TGA TCC CGA  
CAPS (Mfe I) 
fad2-1 GGC TGT GTC CTA ACT GGT ATC TGG GT 
GGA AGA TAA GAC CAA CTG TGT CAT CC 
CAPS (Dde I) 
fad3-1 GTG CTA CAG AAG TCC TGG AAA 
GAC AAT ATC ACC AGT GTC GCT 
CAPS (Hinf I) 
fad6-1 GGA TAC ACT TCC CAA AGA GGT G 
AGT TCA CCC AGT GAG CTA TGG 
CAPS (AlwN I) 
dgd1-1 AAA TTG CTG AAG AGA GAT CCC GTG GTG TA 
ATC TAT TAG TTC TCT GTA TCC TTT AG 
dCAPS (Dpn II) 
gli1 CAG AGA GAG ACT ACT GTT GTT TGG A 
CTG CAG ATG GAG CTG GTA CGA GCA TC 
dCAPS  
(BStN I) 
act1 GCC ATC AAG TGT TCA TCT ACT 
GGA AGT CAT ACA AGG TTG CTA 
CAPS (BsmF I) 
coi1 GGT TCT CTT TAG TCT TTA C 
CAG ACA ACT ATT TCG TTA CC 
CAPS (Xcm I) 
pad3 GCT TCC CAT CAT CGG AAA CTT 
TAG AGA TTT ATC CCG TAC CCG 
CAPS  
(Hind III) 
sgt1b GTC GAG TTT GGT GAG CAG ATT 
TAC ACT GGT CTC TGC GAC AG 
CAPS (Avr II) 
rar1-10 
 (Ler) 
TCC CAA CCC AAA GAA CAG ATC AAG C 
ACT GCT GCT ATG CCA TCC TTT AGT G 
CAPS (Mbo II) 
rar1-21 
 (Col-0) 
TCA CGA CGG AAT GAA AGA GTG GAGC 
TTT TGG AAC CGA TTT GGC CAG AAC TG 
CAPS (Spe I) 
rpm1-3 CGA AGA CAT TCT CGA CGA GTT TGG AT 
CAC TTT GCA TCG CCA TCA TCA ATA GG 
CAPS  
(EcoR V) 
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Table 2.2 continued 
 
rps2-
101c 
TGT TTA TGG ACC TGG TGG GGT 
ACA GCT CCC ACG CGT GTT TCT 
CAPS (Dde I) 
npr1-5 GAG GAC ACA TTG GTT TATA CTC 
CAA GAT CGA GCA GCG TCA TCT TC 
CAPS (Nla IV) 
eds1-2 ACA CAA GGG TGA TGC GAG ACA 
GTG GAA ACC AAA TTT GAC ATT AG 
Genotyping 
ndr1-1 CCC TTT AGC CAA CTA AGC AC 
CTT CTT TTT GGT GGT ATA TAT GTT AT 
Genotyping 
sag101 GGT GCA GCA AAA CCC ACA CTT TTA CT 
ACT TCC GGG TGT TCA TAA ACT CGG TC 
CAC GCG TCC GAA GAT CTT GGA GAT AC 
Genotyping 
eds1-ko CTA CGC TCA ATG ACC TTG GAG 
CTC CAC CAC CTA AGG TTC AGG 
Genotyping 
nahG GGC TTG CGC ATC CGT ATC GTC GGC 
GCC ATG GGC CCG ATA GGC TTC TCG  
Genotyping 
NPT 
(Kan) 
CAA GAT GGA TTG CAC GCA GGT 
GCT CTT CAG CAA TAT CAC GGG 
Genotyping (detect the 
presence of binary 
vector containing 
kanamycin) 
HPT 
(Hyg) 
ACC TAT TGC ATC TCC CGC CGT 
CCG GAT GCC TCC GCT CGA AGT 
Genotyping (detect the 
presence of binary 
vector containing 
hygromycin) 
RPM1-
MYC 
CAA TGC ATA CAT GGG ACC TAG GTTG 
CGT AAT TCA ACA GAA ATT ATA TGA- 
 TAA TCA TCG CAA 
Genotyping  
GLY1 ATT ACC ATG GCG GCT TCG GTG CAA CC 
CGG GAT CCT CAT ACT TCT TCA ATC TGA 
Genotyping 
 
PDF1.2 AAT GAG CTC TCA TGG CTA AGT TTG CT 
AAT CCA TGG AAT ACA CAC GAT TTA GC 
PCR 
GK ATG GCA AAA GAA AAT GGA TTT 
TTA GAT AGA GAG GTC AGC GAG 
PCR 
β-tubulin 
 
CGT GGA TCA CAG CAA TAC AGA GCC 
CCT CCT GCA CTT CCA CTT CGT CTT C  
RT-PCR 
SSI4 
 
CTC AAG AGA GTA TGC TTC TCT TTC- 
 CAT AAC CC 
CTG GTT TGG TCT TCA TGA GAC TCC ATGAG 
RT-PCR 
RPS2 
 
ATG GAT TTC ATC TCA TCT CTT 
TAT AAT CTC CGC GAG CCG GCG 
RT-PCR 
RPS4 
 
ATG GAG ACA TCA TCT ATT TCC ACT G 
AAT TCC GGG CAT CCC AAC AAC TCC A 
RT-PCR 
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Table 2.2 continued 
 
RPM1 
 
GCA TAC ATG GGA CCT AGG TTG CGT TTT GCA- 
 CAA GG 
GCC TTG GCC GCC TAA GAT GAG AGG CTC AC 
RT-PCR 
RPP5 
 
ATG GCG GCT TCT TCT TCT TCT 
CCC AAA AGC AGA TCG GCA TAA 
RT-PCR 
SNC1 
 
ATG GAG ATA GCT TCT TCT TCT 
ATC AGG TGG AGA GTC TTT CCC 
RT-PCR 
RPP1 
 
GTG GAG CTC CCC GCT ATC GAG AAT GCG AC 
GCA AGG GAA TCT GGA AGT TGG GGG AGT GAT- 
ACC 
RT-PCR 
RPP13 
 
ATG GTA GAT GCG ATC ACG GA 
CCA TGC GCG GTA TTC GAA TC 
RT-PCR 
RPP28 
 
ATG GAT TTT TAC GTT TTC CT 
CAT GGC AGC TTC GGT ATC CC 
RT-PCR 
EDS1 CCG CTC GAG ATG GCG TTT GAA GCT CTT ACC 
GTA GTC TAG ATC AGG TAT CTG TTA TTT CAT CC 
RT-PCR 
PAD4 TCC CCC GGG ATG ACG ATT GT CGA AATC GAG 
AGA CCC GGG CTAA GTC TCC ATT GCG TCA CT 
RT-PCR 
EDS5 CAA AAC AAG ACG GAT CCC GGT 
CAG AGA TTT GAT GTT GCG CTT C 
RT-PCR 
SAG101 CAT GGA GTC TTC TTC  TTC AC 
GAT AAG ACT GAA GAG ATG GAG 
RT-PCR 
G3PdH ATT ACC ATG GCG GCT TCG GTG CAA CC 
CGG GAT CCT CAT ACT TCT TCA ATC TGA 
RT-PCR 
GK ATG GCA AAA GAA AAT GGA TTT 
TTA GAT AGA GAG GTC AGC GAG 
RT-PCR 
Chig-
tubulin 
GTT CAC YTS CAG ACC GGC CAG T 
GCA GTC GCA GCC CTC AGC CT 
RT-PCR 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Srivathsa C Venugopal 2008 
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CHAPTER 3 
 
ROLE OF GLYCEROL METABOLISM IN THE 
OLEIC ACID-MEDIATED DEFENSE SIGNALING PATHWAY ψ 
 
The rdc8 (gly1) plants were isolated as a second site-suppressor mutation in the ssi2 
background (Kachroo et al., 2003a). The ssi2 gly1-3 plants showed wt like morphology 
and absence of visible or microscopic cell death (Figures 3.1A and 3.1B). These plants 
also showed basal level expression of PR-1 gene (Figure 3.1C). The GLY1 was cloned by 
map-based cloning and shown to contain a mutation in gene encoding glycerol-3-
phosphate dehydrogenase (G3Pdh) (Kachroo et al., 2004). To determine whether gly1-
mediated suppression of ssi2-triggered phenotypes is associated with impaired SA 
pathway, gly1 and ssi2 gly1-3 plants were analyzed for their responsiveness to SA or its 
analog BTH. All genotypes treated with BTH showed induction of PR-1 gene suggesting 
that the basal level expression of PR-1 in ssi2 gly1-3 plants is not due to a defect in SA 
responsiveness (Figure 3.1D). However, the exact mechanism by which gly1 restores wt-
like phenotypes in ssi2 plants was unknown. The gly1 mediated suppression of ssi2 
phenotypes was characterized and the results are discussed in this chapter. 
 
The gly1-3-mediated reversion of ssi2 phenotypes correlates with an age-dependent 
decrease in 18:1 levels  
Although ssi2 gly1-3 plants have wt-like morphology and show basal level expression of 
the PR-1, these plants undergo a noticeable change after 3 weeks of growth; ssi2 gly1-3 
plant show stunting,  chlorosis, and formation of HR-like visible lesions on the leaves 
(Figures 3.2A and 3.2B). These visual phenotypes coincide with increased expression of 
                                                
ψ The results shown in this chapter were published in the following journals: 
1. Kachroo A, Venugopal SC, Lapchyk L, Falcone D, Hildebrand D, and Kachroo P 
(2004) Oleic acid levels regulated by glycerolipid metabolism modulate defense 
gene expression in Arabidopsis. Proc Natl Acad Sci USA 101:5152-5157. 
“Copyright (2004) National Academy of Science, U.S.A” 
2. Kachroo P, Venugopal SC, Navarre DA, Lapchyk L. and Kachroo A. (2005) Role 
of  salicylic acid and fatty acid desaturation pathways in ssi2-mediated signaling. 
Plant Physiol 139:1717-1735. 
www.plantphysiol.org, “Copyright American Society of Plant Biologists”  
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the PR-1 gene in ssi2 gly1-3 plants (Figure 3.2C). To determine whether the reappearance 
of ssi2-like phenotypes in ssi2 gly1-3 plants was associated with a reduction in 18:1 levels, 
total FA levels of ssi2 gly1-3 plant was analyzed at weekly intervals, for 5 weeks. The 
highest levels of 18:1 were found at the cotyledon stage in wt, ssi2, and ssi2 gly1-3 plants, 
and this correlates with increased expression of the SSI2 gene at this stage (Figures 3.2D 
and 3.2E). The levels of 18:1 declined gradually in all genotypes; however, the 18:1 levels in 
4-week-old ssi2 gly1-3 were significantly reduced as compared with those in wt plants. The 
18:1 levels in 4-week-old ssi2 gly1-3 plants were only slightly higher compared with those 
in ssi2 plants of the same age. The levels of other fatty acids did not show any significant 
alteration between various growth periods. These results suggest that an age-dependent 
decrease in 18:1 levels in ssi2 gly1-3 plants is the likely cause for the reappearance of ssi2-
like phenotypes in these plants. 
 
Exogenous application of glycerol restores ssi2-like phenotypes in ssi2 gly1-3 plants  
GLY1 encodes a G3Pdh and a mutation in gly1 renders the plants deficient in G3P levels, 
thus affecting plastidial FA synthesis (Chanda et al., 2008). A deficiency in the G3P pool 
would also account for the reduction in the hexadecatrienoic acid (16:3) levels in gly1 
plants. These reduced levels of 16:3 in gly1-1 plants can be restored by glycerol 
application (Miquel et al., 1998), suggesting that these plants are defective in their G3P 
supply within the chloroplasts. To determine whether increasing the G3P pool restores 
ssi2-like phenotypes in the ssi2 gly1-3 plants, 2-week-old plants were sprayed with water 
or glycerol and analyzed for PR-1 gene expression and cell-death phenotypes 36 h after 
treatments. In comparison with the glycerol-treated wild type (wt) plants and gly1-1 
single-mutant plants, ssi2 gly1-3 plants showed hypersensitive response (HR)-like cell 
death and induced a high level of PR-1 gene expression (Figures 3.3A and 3.3B). 
Glycerol also conferred resistance to fab2 gly1-1 (which is allelic to ssi2 gly1-3) plants 
and the amount of sporulation in these plants was comparable to that of ssi2 plants 
(Figure 3.3C). All these glycerol-triggered phenotypes were similar to those seen in the 
ssi2 plants and suggest that glycerol treatment is sufficient to complement the deficiency 
of GLY1-encoded G3Pdh in the ssi2 gly1-3 plants. 
 
 Because ssi2 plants were repressed in JA-induced expression of the PDF1.2 gene 
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glycerol-treated plants were analyzed for their ability to respond to JA and induce 
PDF1.2 gene expression. Interestingly, glycerol application resulted in a marked 
suppression of JA-induced expression of PDF1.2 in ssi2 gly1-3 plants (Figure 3.3D). 
These phenotypes were similar to those seen in ssi2 plants and thus glycerol application 
mimics ssi2 mutation by lowering the levels of 18:1.  
 
Glycerol application converts wild-type plants into ssi2 mimics 
Glycerolipid biosynthesis within plastids is primarily initiated upon acylation of G3P 
with 18:1. It is therefore conceivable that an increase in G3P levels may have a 
quenching effect and result in a reduction of 18:1 levels. Thus, exogenous application of 
glycerol should cause a reduction in the 18:1 levels and render wt plants defective in SA 
signaling, a phenotype similar to that of ssi2 plants. Because 18:1 levels are highest at the 
cotyledon stage (Figure 3.4A and 3.2D), 10-day-old plants were chosen to test the effects 
of glycerol and monitored changes in the leaf FA profile at 24-h intervals for 5 days. The 
18:1 levels in 10-day-old plants were highest in wt plants followed by ssi2 gly1-3 and 
ssi2. These differences are likely due to lack of a functional SACPD in ssi2 gly1-3 and 
ssi2 plants. A higher level of 18:1 in ssi2 gly1-3 as opposed to ssi2 is likely due to 
reduced amounts of G3P in ssi2 gly1-3, which would allow 18:1 to accumulate in these 
plants. Glycerol application led to a gradual and significant decline in the 18:1 levels in 
wt, ssi2 gly1-3, and ssi2 plants (Figure 3.4A). Even though all genotypes showed a 
similar pattern of reduction in 18:1 levels, the glycerol-treated ssi2 and ssi2 gly1-3 plants 
showed a severe decline as compared with wt plants.  
 
To determine whether the reduction in 18:1, caused by the glycerol application, has an 
effect similar to the one seen in ssi2, various genotypes were monitored for 
morphological and molecular phenotypes. Both ssi2 gly1-3 and ssi2 plants were 
hypersensitive to glycerol and were decimated within 5 days of glycerol treatment 
(Figure 3.4B). By comparison, water-treated plants grew normally and did not show any 
visible symptoms. Glycerol treatment of wt plants also led to chlorosis and HR-like 
lesion formation, although it developed these symptoms more slowly than did ssi2 and 
ssi2 gly1-3 plants. Trypan blue staining of randomly selected leaves from wt, ssi2, and 
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ssi2 gly1-3 showed cell death after glycerol treatment, and this phenotype was much 
more pronounced in ssi2 and ssi2 gly1-3 leaves (Figure 3.4C). In response to glycerol, the 
gly1-1 plants showed similar symptoms and same amount of cell death as wt plants. The 
induction of a HR-like cell death in wt and gly1 plants also correlated with higher 
expression of the PR-1 gene, although it was delayed compared with that of ssi2 gly1-3 
plants (Figures 3.4D and 3.3B).  
 
The glycerol-treated wt plants also showed enhanced resistance to the oomycete pathogen 
H. parasitica, and these plants supported very little or no pathogen growth (Figure 3.4E). 
By comparison, water-treated wt plants showed extensive sporulation of the pathogen. 
The presence of the salicylate-degrading enzyme, nahG, abolished the glycerol-mediated 
enhanced resistance to H. parasitica, suggesting that glycerol activates the SA signaling 
pathway in wt plants. However, susceptibility of glycerol-treated nahG plants could also 
be attributed to increased catechol production (Heck et al., 2003).  
 
Glycerol hypersensitivity of ssi2 can be rescued by the act1 mutation and 
overexpression of act1 renders plants hypersensitive to glycerol  
To further test the hypothesis that glycerol-related phenotypes are mediated specifically by 
means of quenching of 18:1 levels caused by increased G3P, effects of glycerol in the act1 
background were analyzed. The ssi2 act1 plants did not exhibit a decline in 18:1 levels upon 
glycerol treatment (Figure 3.4A), strongly suggesting that the glycerol-mediated effect 
involves quenching of 18:1 by G3P. Both act1 and ssi2 act1 plants showed a high degree 
of tolerance to glycerol application, exhibiting fewer or no cell death lesions as compared to 
the wt, ssi2 gly1-3, and ssi2 plants (Figure 3.4C and 3.5A). Also act1 and ssi2 act1 
exhibited no morphological symptoms upon glycerol application unlike wt plants, which 
show chlorotic lesions (Figure 3.4B and 3.5A). Furthermore, both act1 and ssi2 act1 
showed basal level PR-1 (Figure 3.4D and 3.5D) gene expression as compared with the 
high levels of PR-1 gene expression observed in wt, gly1-1, and ssi2 gly1-3 plants. As 
reduced levels of 18:1 were associated with ssi2-like phenotypes and act1 mutation do not 
exhibit these phenotypes in response to glycerol, unlike wt plants, it can be concluded that 
glycerol treatment specifically affects the acylation reaction between G3P and 18:1.  
 
One plausible reason why wt plants are less sensitive to glycerol in comparison with ssi2 or 
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ssi2 gly1-3 plants is that the G3P acyltransferase-catalyzed acylation can be a rate-limiting 
step and, therefore, unable to deplete the levels of 18:1 in wt plants. By comparison, it would 
be easier to deplete the 18:1 levels in ssi2 or ssi2gly1-3 plants, because these plants lack a 
functional SACPD and are not able to synthesize 18:1 as efficiently as the wt plants. To test 
this hypothesis, 35S-ACT1 lines were assayed for sensitivity to glycerol. Overexpression of 
ACT1 resulted in hypersensitivity to glycerol and these plants showed severe chlorosis and 
massive cell death compared to wt plants (Figure 3.5A). The act1 plants showed no visible 
symptoms or microscopic cell death. The 35S-ACT1 plants showed significant and drastic 
reduction in 18:1 1day after glycerol spray compared to wt plants. The reduction in 18:1 
levels correlated with the PR-1 gene expression in wt and 35S-ACT1 plants. 35S-ACT1 
plants showed much quicker response to glycerol in terms of expressing PR-1 gene as 
compared to wt plants. As expected act1 plants did not show PR-1 gene expression (Figure 
3.5D). The glycerol-mediated decline in 18:1 also resulted in increased accumulation of 
total SA in 35S-ACT1 plants compared to wt plants; 35S-ACT1 accumulated twice the 
amount of SA than wt plants in response to glycerol. Inability to reduce 18:1 in act1 plants 
resulted in no change in SA levels (Figure 3.5C). The 35S-ACT1 and act1 plants also 
showed hypersensitivity and tolerance to glycerol respectively, on glycerol-containing 
medium (Kachroo et al., 2004). Together, these results suggest that the ACT1-catalyzed 
reaction is a rate-limiting step, and that increased levels of ACT1 are required to acylate the 
increased levels of G3P triggered by glycerol application. 
 
A mutation in glycerol kinase confers tolerance to glycerol but does not restore ssi2-
triggered phenotypes 
GLI1-encoded glycerol kinase (GK) phosphorylates glycerol to G3P and contributes to 
the total G3P pool.  A mutation in glil leads to increased accumulation of glycerol and 
renders insensitivity to glycerol (Eastmond, 2004).  Since conversion of glycerol to G3P 
is dependent on GK, the glycerol mediated defense phenotypes in gli1 plants were 
analyzed next. Similar to act1, the glycerol treated gli1 plants did not show a reduction in 
their 18:1 levels or 18:1-mediated cell death (Figure 3.6A). Furthermore gli1 plants 
accumulated near-basal levels of SA and expressed basal levels of PR-1 in response to 
glycerol (Figure 3.6B and 3.6C). These results suggest that GK activity is required for 
conversion of glycerol to G3P and that the inability to metabolize glycerol confers 
tolerance to glycerol. 
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To determine the relative contribution of GK toward the generation of G3P pools and its 
effect on ssi2 phenotypes, gli1 mutation was mobilized in the ssi2 background and 
analyzed double-mutant plants for various ssi2-like phenotypes. During the initial stages 
of growth, the ssi2 gli1 plants were slightly larger than ssi2 plants and developed 
significantly fewer visible or microscopic cell death lesions on their leaves (Figure 3.6D 
and 3.6E). Although cell death lesions in ssi2 gli1 plants did appear toward the later 
phase of growth (Figure 3.6E), reduced cell death during the initial growth phase did not 
reduce or abolish constitutive expression of PR-1 (Figure 3.6F). Furthermore, the PR-1 
phenotype in ssi2 gli1 plants correlated well with reduced levels of 18:1, similar to those 
seen in the ssi2 plants (Table 3.1). These results suggest that conversion of exogenous 
glycerol to G3P is required for the glycerol-mediated induction of defense and that GLI1 
may not be the major source of the plastidal G3P pool. 
 
Discussion 
The results described in this chapter indicate that the glycerol-triggered phenotypes were 
a result of decreased 18:1 content. This conclusion was based on following observations: 
the ssi2 plants containing low 18:1 content show altered defense-signaling phenotypes, 
the ssi2 gly1-3 plants show an age-dependent decrease in 18:1 content that correlates with 
the reappearance ssi2-like phenotypes in these plants, the act1 and gly1 genes suppresses 
ssi2-triggered phenotypes by increasing the 18:1 content, and the ssi2, ssi2 gly1-3, and 
35S-ACT1 plants show hypersensitivity to glycerol by drastic reduction in 18:1 content. 
Similar to the act1 mutation, the gly1 mutation also causes an increased flux of FAs 
through the eukaryotic pathway. Owing to the direct effect by the act1 mutation and the 
indirect effect by the gly1 mutation, acylation of G3P with 18:1 is reduced and likely 
leads to increased accumulation of 18:1-ACP within plastids. Thus, both mutations result 
in the restoration of wt-like phenotypes in ssi2/fab2 plants by means of an increase in 
18:1 levels.  
 
Exogenous glycerol is converted to G3P in wt plants (Aubert et al., 1994), which 
quenches 18:1 and thus produce ssi2-like phenotype. Since act1 plants are unable to 
acylate 18:1 on a G3P backbone, glycerol application of act1 plants did not lower 18:1 
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levels and did not induce the SA pathway.  The gli1 mutant plants behave similar to act1 
plants; neither reducing their 18:1 levels nor inducing SA or PR gene expression upon 
glycerol application (Figures 3.6A–3.6C). Because GLI1 encodes a GK, the gli1 plants 
are unable to utilize the exogenously provided glycerol for G3P synthesis and thereby 
unable to deplete the 18:1 pool in the presence of excess glycerol. These results suggest 
that conversion of exogenously applied glycerol to G3P is mediated via GK. 
Interestingly, unlike the gly1 mutation, a mutation in gli1 only slightly improves the 
morphological phenotype of ssi2, but does not alter the FA profile in leaf tissues or the 
ssi2-triggered defense phenotypes (Figure 3.6; Table 3.1). This suggests that the GLI1-
derived G3P may contribute only marginally to the plastidal G3P pool (Figure 1.2). 
However, these data do not correlate with the observation that exogenous application of 
glycerol can have an impact on the ACT1-mediated acylation step and lower 18:1 levels. 
A likely scenario explaining both results would be that exogenous application of glycerol 
generates an excess of G3P in the cytoplasm, which in turn increases the proportion of 
GLI1-deived G3P entering into plastids. An increase in plastidal G3P levels would in turn 
quench 18:1 levels and also lead to hypersensitivity toward glycerol in ACT1-
overexpressing lines (Figure 3.5).  
 
 G3P, an essential metabolite derived from glycerol metabolism is derived via the G3Pdh-
catalyzed reduction of DHAP or the GK (GLI1)-catalyzed phosphorylation of glycerol. It 
is very likely that the G3P generated upon glycerol application in gly1 is formed by 
means of the GK-catalyzed reaction (Figure 1.2). This leads to the possibility that the 
glycerol-triggered phenotypes may be a result of phosphate deprivation as opposed to a 
reduction in 18:1 levels. However, exogenous application of phosphate did not alter these 
glycerol-triggered phenotypes, suggesting that a sufficient phosphate pool is available in 
the cell to make G3P. Moreover, if phosphate deprivation were the cause of these 
phenotypic changes, they would also be evident in act1 plants as well.  
 
The altered defense-signaling phenotypes in ssi2 plants could also be a result of reduced 
levels of phosphatidic acid (PA) arising from 18:1 deficiency (Figure 1.2). However ssi2 
plants do not have reduced levels of PA (discussed in Chapter 4) and act1 plants, which 
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accumulate lower levels of PA (Kunst et al., 1988), do not show any of the ssi2-like 
phenotypes, arguing against this possibility. Furthermore, LPA or PA levels are also 
likely reduced in gly1 plants, since these plants contain reduced basal levels of G3P 
(Chanda et al., 2008). However, gly1 plants are morphologically similar to wt plants and 
do not show any ssi2-like phenotypes.  
 
Glycerol application lowers 18:1 levels by elevating G3P content and increasing the 
acylation of G3P with 18:1. This could also result in an increase in the LPA and PA 
contents, which could be responsible for ssi2-like phenotypes in the wt plants. However, 
several observations argue against this possibility. First, although wt plants contain 
higher levels of 18:1 and thus possibly make higher levels of PA, they do not exhibit any 
of the ssi2-related phenotypes. Second, although both wt and ssi2/ ssi2 gly1-3 plants are 
unaltered in their G3P-18:1 acylation step, glycerol application resulting in an increase in 
G3P levels has a less pronounced effect in wt plants. Third, PA has been shown to 
decrease H2O2-induced cell death (Zhang et al., 2003); thus, it is unlikely that increased 
PA levels result in the induction of defense responses. 
 
Another possibility is that glycerol induces high levels of G3P, and these alone cause 
altered defense signaling. This possibility can be easily ruled out because, unlike other 
genotypes, act1 and ssi2 act1 plants do not respond to glycerol. Furthermore, the 
increased sensitivity of 35S-ACT1 plants to glycerol suggests that the step leading to the 
utilization of G3P is a key mediator of the various defense phenotypes. In conclusion, the 
above results show that 18:1 levels are regulated by means of the acylation step with G3P 
and that the 18:1 level is an important mediator of the plant defense signaling pathway.  
 
 
 
 
 
 
 
  
 
 
Table 3.1. FA composition from leaf tissues of wt, ssi2, gli1 and ssi2 gli1 plants. All measurements were made on plants grown at  
               22°C and data are described as mol% ± SD calculated for a sample size of six. 
 
Genotype 16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3 Morphology 
Wt 16.16 ± 0.8 4.2 ± 0.29 1.24 ± 0.08 16.44 ± 0.4 0.92 ± 0.32 2.58 ± 0.08 13.4 ± 0.77 44.9 ± 1.89 Wild-type 
ssi2  14.6 ± 2.13  3.12 ± 0.59  0.52 ± 0.18  10.35 ± 0.12  12.15 ± 2.1  0.95 ± 0.71  12.58 ± 1.27  44.9 ± 2.72  stunted 
gli1 15.58 ± 0.45 4.04 ± 0.23 1.06 ± 0.05 16.48 ± 0.25 0.76 ± 0.11 2.58 ± 0.38 13.06 ± 0.89 46.44 ± 1.40 Wild-type-like 
ssi2 gli1 17.1 ± 1.66 2.73 ± 0.6 0.18 ± 0.16 10.2 ± 1.1 13.8 ± 2.4 0.95 ± 0.1 9.78 ± 0.45 45.26 ± 2.59 ssi2-like 
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Figure 3.1. Morphology and SA responsiveness of ssi2 gly1-3 plants. The Nössen (Nö) 
ecotype is used as the wild-type (wt) control in all the experiments. (A) Morphological 
phenotypes of 3-week-old soil-grown wt, ssi2 and ssi2 gly1-3 plants. (B) Microscopy of 
trypan blue-stained leaves from 3-week-old soil-grown wt, ssi2 and ssi2 gly1-3 plants. 
(C) Expression of the PR-1 gene in wt, ssi2, and ssi2 gly1-3 plants. Total RNA extracted 
from 2-week-old soil-grown plants was used for RNA gel-blot analysis. Ethidium 
bromide staining of rRNA was used as a loading control. (D) SA responsiveness of gly1-
1 and ssi2 gly1-3 plants. Wt, gly1-1, ssi2, npr1-5, and ssi2 gly1-3 plants were treated with 
water or 100 µM BTH and analyzed for PR-1 gene expression 48 h after treatment. npr1-
5 was used as SA non-responsive control genotype. Ethidium bromide staining of rRNA 
was used as a loading control.  
 
 31  
ssi2 gly1-3 A
1 w
B
3 w 4 w 5 w 3 w 4 w
weeks
ss
i2 C
4 1 2 3 4 5
PR-1 
rRNA 
0
1
2
3
4
18
:1
 m
ol
%
1w    2w    3w   4w    5w     1w   4w     1w   4w
ssi2 gly1-3 Wt ssi2 
D
ssi2 gly1-3 
Co
tyl
ed
on
Le
af
Ro
ot
Ste
m
Flo
we
r
SSI2 
rRNA 
E
 
 
Figure 3.2. Morphological, molecular, and biochemical phenotypes of ssi2 gly1-3 plants.  
(A) Comparison of the morphological phenotypes displayed by the leaves from ssi2 gly1-
3 plants grown on soil for 3, 4, and 5 weeks (w). (B) Microscopy of trypan blue-stained 
leaves from ssi2 gly1-3 leaves. (C) Age-dependent expression of the PR-1 gene in ssi2 
gly1-3 plants. Ethidium bromide staining of rRNA was used as a loading control. (D) 
Age-dependent decline in the levels of 18:1 in leaf tissue of ssi2 gly1-3, wt (Nö) and ssi2 
plants. The values shown are an average of 6-8 independent experiments. (E) Analysis of 
tissue-specific expression of the SSI2 gene from wt plants. Ethidium bromide staining of 
rRNA was used as a loading control. 
 
 
 
 
 
 
 
 
 32  
ssi2 
gly1-3
Water GlycerolA
D
ss
i2 
gly
1-
3 
ss
i2 
gly
1-
3 
ss
i2
wt
 
- - - + Glycerol
JA
PDF1.2 
rRNA
PR-1
rRNA
wt
 
ss
i2 
gly
1-
3 
gly
1-
1 
wt ss
i2 
gly
1-
3 
gly
1-
1 
Water GlycerolB
ss
i2 
 
0-9 10-20 21-30 31-40 > 40
% Cotyledon Infection
Wt (Ler)
ssi2
Wt (Nö) 
0 20 40 60 80 100
fab2 gly1-1-G
fab2 gly1-1-W
C 80
50
65
50
50
 
 
 
Figure 3.3. Effects of glycerol application in ssi2 gly1-3 leaves. (A) Microscopy of 
trypan blue-stained leaves from water- or glycerol-treated ssi2 gly1-3 plants. All of the 
treatments were carried out for 36 h before removing the samples. (B) Expression of the 
PR-1 gene in wt, gly1-1, ssi2, and ssi2 gly1-3 plants treated with water or glycerol for 36 
h. Total RNA extracted from 2-week-old soil-grown plants was used for RNA gel-blot 
analysis, and ethidium bromide staining of rRNA was used as a loading control. (C) 
Growth of H. parasitica on fab2 gly1 plants treated with water (W) or glycerol (G). The 
Landsberg erecta (Ler) ecotype and ssi2 were used as resistant controls. The shade of 
each box indicates the severity of infection, based on the number of sporangiophores per 
cotyledon (see key at the bottom). Numbers to the right of the sample boxes indicate the 
number of cotyledons assayed. (D) Expression of PDF1.2 in water- or glycerol-treated 
plants. Two week-old plants were treated with water (-) or glycerol (+) for 72 h followed 
by application of 50 µM JA for 48 h. Ethidium bromide staining of rRNA was used as a 
loading control. 
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Figure 3.4. Glycerol application and its effects on 18:1 levels, morphological 
phenotypes, cell death, PR gene expression, and pathogen resistance. (A) Glycerol-
induced changes in the 18:1 levels in leaf tissue of 10-day-old plants. Plants were treated 
with glycerol (G) or water (W), and samples taken every 24 h were analyzed for FAs by 
using GC. The values shown are averages of six to eight independent experiments. (B) 
Morphological phenotypes of wt, ssi2, ssi2 gly1-3, and ssi2 act1 plants treated with water 
or glycerol. Twelve-day-old plants were subjected to water and glycerol treatments and 
photographed 5 days after treatment. Fewer glycerol-treated wt plants are shown to 
highlight their symptoms. (C) Microscopy of trypan blue-stained leaves from plants 
shown in B. (D) Expression of the PR-1 gene in wt, ssi2, ssi2 gly1-3, gly1-1, act1, and 
ssi2 act1 plants treated with water or glycerol for 4 days. Ethidium bromide staining of 
rRNA was used as a loading control. (E) Growth of H. parasitica biotype Emco5 on 
various plant genotypes treated with water (W) or glycerol (G). The Landsberg erecta 
(Ler) ecotype and ssi2 were used as resistant controls. The Nössen ecotype with or 
without nahG transgene was used as a susceptible background to assess effects of 
glycerol. The shade of each box indicates the severity of infection, based on the number 
of sporangiophores per cotyledon (see key at the bottom). Numbers to the right of the 
sample boxes indicate the number of cotyledons assayed. 
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Figure 3.5. Enhanced sensitivity to glycerol conferred by overexpression of ACT1. 
(A) Morphological and cell death phenotypes of water or glycerol treated Col-0 (wt), act1 
and 35S-ACT1 plants. (B) 18:1 content measured in Col-0 and 35S-ACT1 leaves 0 and 1 
daysafter spray with glycerol. The data is the average of FAs analyzed from 6-8 
independent leaves  and the error bars indicate SD. (C) Endogenous SA levels in the 
leaves of 4-week-old soil-grown plants treated with water or glycerol for 3 days . The 
values are average of three replicates and the error bars indicate SD. (D) Expression of 
PR-1 gene in glycerol sprayed Col-0, act1 and 35S-ACT1 plants. Ethidium bromide 
staining of rRNA is used as loading control.  
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Figure 3.6. Glycerol insensitivity of gli1 plants and phenotypes of ssi2 gli1 plants.  
(A) Cell death phenotypes and 18:1 levels in water and glycerol treated Col-0 (wt) and 
gli1 plants. Col-0 and gli1 plants are treated with water or glycerol for 3 days and stained 
with trypan blue to visualize cell death. The leaves were also analyzed for FA content and 
the respective 18:1 levels are indicated below the pictures. The 18:1 is described as mol 
% and the values shown are the average of six replication with SD. (B) Expression of the 
PR-1 gene in water- and glycerol-treated Col-0 and gli1 plants. RNA gel-blot analysis 
was performed on 7 µg of total RNA extracted 3 days after glycerol treatment. Ethidium 
bromide staining of rRNA was used as a loading control. (C) Endogenous SA levels in 
the leaves of 4-week-old soil-grown  Col-0 and gli1 plants treated with water or glycerol 
for 3 days . The values are average of three replicates and the error bars indicate SD. (D) 
Comparison of the morphological phenotypes displayed by the 16-day-old soil-grown 
ssi2 and ssi2 gli1 plants. (E) Microscopy of trypan blue-stained leaves from 2- and/or 4-
week (w)-old ssi2 and ssi2 gli1 plants. (F) Expression of the PR-1 gene in ssi2 and ssi2 
gli1 plants. RNA gel-blot analysis was performed on 7 µg of total RNA extracted from 
16-day-old soil-grown plants. Ethidium bromide staining of rRNA was used as a loading 
control. 
Copyright © Srivathsa C Venugopal 2008 
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CHAPTER 4 
 
THE ROLE OF THE SALICYLIC ACID AND FATTY ACID DESATURATION 
PATHWAYS IN OLEIC ACID-MEDIATED SIGNALINGi 
 
The ssi2 mutant plants accumulate increased levels of SA and show constitutive 
expression of PR genes (Shah et al., 2001). Similarly, exogenous application of glycerol 
on wt plants converts them into ssi2-mimics. To determine if various components of SA 
pathway were involved in ssi2-mediated signaling, double mutant plants containing 
mutations in various steps of SA pathways were analyzed for ssi2 phenotypes. To 
determine if further conversion of 18:1 to 18:2 or 18:3 was important for ssi2-mediated 
phenotypes, the role of fatty acid desaturation (FAD) pathway was investigated. A link 
between glycerol metabolism and ssi2-mediated defense signaling was established by 
studying various phenotypes produced upon exogenous application of glycerol on 
mutants impaired in SA and FAD pathways. 
 
Glycerol-induced SA levels are dependent on SID2 
To further determine the components of the glycerol-induced signaling pathway, the 
response of sid2, npr1, eds1, pad4, ndr1, and eds5 mutants was studied after glycerol 
application. The glycerol- and water-sprayed plants were evaluated for cell death, SA/SA 
glucoside (SAG) levels, PR gene expression, pathogen resistance, and 18:1 levels. All 
genotypes showed cell death on their leaves, suggesting that glycerol-induced cell death 
was independent of mutations analyzed or the nahG transgene (Figure 4.1A). Next, SA 
levels were determined in water- and glycerol-treated plants. Both Nö and Col-0 plants 
showed a 10- and 13-fold induction in SA levels and an 8- and 10-fold induction in SAG 
levels, respectively (Figure 4.1B). The SA/SAG levels in glycerol-treated eds1, eds5, and 
pad4 plants were higher compared to the water-treated plants, but significantly lower 
                                                
i All the results presented in this chapter were published in the following journal: 
Kachroo P, Venugopal SC, Navarre DA, Lapchyk L. and Kachroo A. (2005) Role 
of salicylic acid and fatty acid desaturation pathways in ssi2-mediated signaling. 
Plant Physiol 139:1717-1735. 
www.plantphysiol.org, “Copyright American Society of Plant Biologists”  
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compared to the glycerol-treated wt plants. The sid2 plants showed near-basal levels of 
SA/SAG, whereas ndr1 and npr1 plants accumulated higher than wt levels. These results 
indicate that SA levels generated upon glycerol treatment are partially dependent on 
EDS1, EDS5, and PAD4, and completely dependent on SID2. These results also suggest 
that NDR1 and NPR1 negatively regulate the glycerol-triggered increase in SA/SAG 
levels. To determine whether a correlation exists between glycerol-induced SA levels and 
PR gene expression, the expression of PR-1 and PR-2 genes were evaluated in various 
genotypes treated with water or glycerol (Figure 4.1C). Although basal or low levels of 
PR-1 and PR-2, respectively, were seen in glycerol-treated sid2 plants, all the other 
mutant lines showed induction of these transcripts upon glycerol treatment. Interestingly, 
the glycerol-treated ndr1, eds5, and npr1 plants induced higher levels of the PR-2 gene as 
compared to the glycerol-treated wt plants. Taken together, these data suggest that 
glycerol-induced PR gene expression is dependent on the presence of a certain threshold 
level of SA/SAG, and these levels are derived via a SID2-dependent pathway. Next, the 
effect of mutations impairing the SA pathway on glycerol-induced resistance to H. 
parasitica biotype Emco5 was evaluated (Figure 4.1D). Under the conditions tested, the 
wt Col-0 plants showed developmental resistance to Emco5, revealing less than 20% 
susceptibility as compared to the mock-inoculated plants. By comparison, both 
Wassilewskija (Ws) and Nö showed marked susceptibility (Figure 4.1D). The glycerol-
treated Col-0 plants were as tolerant as the resistant ecotype Landsberg erecta (Ler) and 
glycerol treatment of Ws and Nö showed significant reduction in pathogen growth and 
sporulation. The water-treated eds1 (derived from Ws ecotype), eds5, pad4, sid2, ndr1, 
npr1, and nahG plants showed marked susceptibility to Emco5. Glycerol treatment had 
little or no effect on the nahG plants. A partial enhancement in resistance was observed in 
glycerol-treated pad4, eds5, ndr1, and sid2 plants. A more pronounced effect was 
observed in glycerol-treated npr1 plants, which showed an approximately 60% reduction 
in the number of susceptible plants. The glycerol-treated eds1 plants showed only a 
marginal reduction (~10%) in the number of susceptible plants. Taken together, these 
data suggest that glycerol-mediated resistance to Emco5 requires the functions of EDS1, 
PAD4, EDS5, SID2, and NDR1. Similar to Col-0 plants, only approximately 10% of 
water-treated act1 plants displayed susceptibility. Consistent with the glycerol-insensitive 
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phenotype of act1 plants, glycerol treatment of act1 did not enhance resistance to Emco5 
(Figure 4.1D).  
 
 To establish a correlation between the glycerol-induced phenotypes and 18:1 levels, leaf 
18:1 content was determined 3 d after glycerol application. Both wt and plants impaired 
in the SA signaling pathway showed a drastic reduction in their 18:1 levels after glycerol 
application (Figure 4.1E), and these were comparable to 18:1 levels in ssi2 plants. By 
comparison, act1 plants, which are unable to acylate 18:1, did not show a decrease in 
their 18:1 levels.  
 
SA signaling mutants affect the SA levels but do not restore altered defense 
signaling in ssi2 plants 
To determine whether the glycerol effect seen on single mutants defective in SA or R 
gene signaling pathways was comparable to the presence of the ssi2 mutation in these 
backgrounds, the defense phenotypes of ssi2 double-mutant plants in the eds1, pad4, 
eds5, ndr1, and sid2 backgrounds were studied. All the double-mutant plants showed 
hypersensitive response-like lesions on their leaves and, except ssi2 ndr1, all other 
double-mutant and ssi2 nahG plants were slightly bigger than the ssi2 plants (Figures 
4.2A and 4.2B). In comparison to ssi2, the ssi2 eds1, ssi2 pad4, ssi2 eds5, and ssi2 ndr1 
plants accumulated lower levels, whereas the ssi2 sid2 plants showed basal levels, of SA 
and SAG (Figure 4.2C). Thus EDS1, PAD4, EDS5, NDR1, and SID2 appear to contribute 
to the SA levels in ssi2 plants and the SA/SAG in ssi2 plants is possibly derived via a 
SID2-dependent pathway. This possibility was further supported by the observation that 
exogenous application of glycerol was able to up-regulate the SA/SAG levels in ssi2 
gly1-3 plants, but not in ssi2 sid2 and ssi2 act1 plants (Figure 4.2C). Consistent with the 
reduced levels of SA, PR-1 gene expression decreased to basal levels in ssi2 sid2 and ssi2 
nahG plants (Figure 4.2D). A moderate reduction in PR-1 levels was also observed in 
ssi2 npr1 and ssi2 eds5 plants, whereas ssi2 eds1, ssi2 pad4, and ssi2 ndr1 plants showed 
levels similar to those in ssi2 plants. Interestingly, as seen in glycerol-treated single-
mutant plants, the expression of PR-2 was up-regulated by mutations in npr1 and eds5 
and increased basal-level expression was also seen in ssi2 sid2 and ssi2 nahG plants 
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(Figures 4.1C and 4.2D). These results indicate that high levels of PR expression in ssi2 
plants can be triggered by the presence of a certain threshold of SA/SAG (Figure 4.2D). 
To determine whether any correlation exists between SA levels/PR gene expression and 
pathogen resistance, ssi2 pad4, ssi2 eds5, ssi2 sid2, and ssi2 nahG plants were evaluated 
for their response to virulent pathogen Emco5 (Figure 4.2E). Strikingly, and similar to the 
resistance spectrum seen in glycerol-treated single mutants (Figure 4.1D), a mutation in 
pad4, eds5, or sid2 increased the susceptibility of ssi2 plants to Emco5. Since ssi2 eds1-2 
plants were in the RPP8 background (McDowell et al., 1998), which confers resistance to 
Emco5, ssi2 eds1-2 and ssi2 ndr1 plants were inoculated with a virulent bacterial 
pathogen, Pseudomonas syringae. The eds1-2 mutation compromised the enhanced 
bacterial resistance conferred by the ssi2 mutation (Figure 4.2F). By contrast, the ssi2 
ndr1 plants were as resistant as the ssi2 plants. These data indicate that ssi2-mediated 
resistance was dependent on EDS1 and independent of NDR1. A higher degree of 
susceptibility seen in ssi2 pad4 as compared to ssi2 eds5 plants further suggests that ssi2-
conferred resistance does not correlate with either the levels of SA or the expression of 
PR-1. Next, FA levels of various ssi2-containing genotypes were determined to access 
whether a correlation exists between 18:1 levels and phenotypes exhibited by these plants 
(Table 4.1). All double-mutant and ssi2 nahG plants showed increased levels of 18:0 and 
a decrease in 18:1 content, which is consistent with the presence of the ssi2 mutation in 
these plants. Taken together, these results suggest that a mutation in eds1, pad4, eds5, 
ndr1, or sid2 does not restore normal signaling in ssi2 plants as they do not restore the 
18:1 content.  
 
Glycerol application or presence of the ssi2 mutation in fad mutants produce similar 
effects 
To examine the role of the FA desaturation (FAD) pathway in the induction of glycerol-
mediated ssi2-like phenotypes, mutants affected in various steps of FAD were treated 
with glycerol. The fad2, fad3, fad4, fad5, fad6, fad7, and fad7 fad8 plants showed visible 
and microscopic cell death lesions on their leaves upon exposure to glycerol (Figure 
4.3A). The extent of lesion formation was maximal in fad5 plants and minimal in fad7 
and fad7 fad8 plants (Figure 4.3A). The glycerol-induced morphological, microscopic, 
 41  
and PR-1 phenotypes in fad7 and fad8 plants correlated with SA levels; upon glycerol 
treatment, fad7 and fad7 fad8 accumulated approximately 3-fold lower levels of SA as 
compared to wt plants (Figures 4.3A–4.3C). The SA levels after glycerol treatment were 
highest in fad5 plants followed by fad3, fad2, wt, fad4, and fad6 plants. Although 
glycerol treatment induced higher expression of PR-1 in fad3 plants, their morphological 
phenotype was not as pronounced as that of fad5 plants. FA profiling of water- and 
glycerol-treated fad2, fad3, fad4, fad5, and fad6 plants showed a glycerol-triggered 
decline in 18:1 levels; however, this decline was not as drastic in fad2 and fad6 plants 
because they contain high levels of membranous 18:1 (Figure 4.3D). As compared to 
fad3, fad4, and fad5 plants, the glycerol-treated fad7 and fad7 fad8 plants showed a 
moderate reduction in 18:1 and these levels were higher than those in the ssi2 plants. As 
expected, while the ssi2 act1 plants did not show any drop in 18:1 levels, ssi2 gly1-3 
plants showed a significant decline. Taken together, these results show a positive 
correlation between reduction in 18:1 levels and the appearance of glycerol-induced 
phenotypes in fad mutants. 
 
To further test the hypothesis that the glycerol sensitivity of fads is related to ssi2-
associated signaling, the phenotypes of ssi2 fad3, ssi2 fad4, ssi2 fad5, and ssi2 fad7 
double-mutant and ssi2 fad7 fad8 triple-mutant plants were studied. The morphological 
and biochemical characteristics of ssi2 fad2 and ssi2 fad6 plants have been shown not to 
be involved in ssi2-mediated signaling (Kachroo et al., 2003b). The morphological 
phenotypes of ssi2 fad3 and ssi2 fad4 were similar to that of ssi2 (Figure 4.3E). 
Interestingly, ssi2 fad5 plants showed a more stunted and chlorotic phenotype and ssi2 
fad7 plants were slightly less stunted than ssi2 plants. The ssi2 fad7 and ssi2 fad7 fad8 
plants displayed normal leaf morphology during initial stages of growth, but developed 
lesions on their leaves after 2 weeks of growth (Figure 4.3F). The ssi2 fad3, ssi2 fad4, 
and ssi2 fad5 plants developed lesions and showed microscopic cell death similar to ssi2 
plants. The morphological phenotype also correlated with expression of PR-1 in these 
plants; all the ssi2 fad plants showed high-level expression of the PR-1 gene (Figure 
4.3G). By contrast, the ssi2-triggered PR-2 gene expression was drastically reduced in 
ssi2 fad7 and ssi2 fad7 fad8 plants, but remained high in other ssi2 fad plants. Analysis of 
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SA/SAG levels in ssi2 fad7 and ssi2 fad7 fad8 plants showed that these genotypes 
contained significantly lower levels of SA/SAG as compared to ssi2 (Figure 4.3H). 
However, the levels of SA, and particularly those of SAG in ssi2 fad7 and ssi2 fad7 fad8 
plants, were higher than those in wt plants. This suggests that fad7 and fad8 mutations 
have a partial effect on the ssi2-triggered phenotypes. To determine whether any 
correlation exists between SA levels and pathogen resistance, ssi2 fad7 and ssi2 fad7 fad8 
plants were inoculated with a virulent bacterial pathogen, P. syringae. Since ssi2 fad5 
plants showed more pronounced ssi2-like phenotypes, these served as an additional 
control for the experiment. The fad7 fad8 mutations compromised the enhanced bacterial 
resistance conferred by the ssi2 mutation, but the fad5 and fad7 mutations did not have 
any effect (Figure 4.3I). A decrease in the SA/SAG levels in ssi2 fad7 and ssi2 fad7 fad8 
plants did not alter their JA responsiveness and, like ssi2, these plants continued to show 
basal-level expression of PDF1.2 upon exogenous application of JA (Figure 4.3J). The 
ssi2 fad3, ssi2 fad4, and ssi2 fad5 plants were also nonresponsive to JA. FA profiling of 
ssi2 fad3, ssi2 fad4, and ssi2 fad5 plants showed that these contained 18:1 levels 
comparable to those seen in the ssi2 plants (Table 4.2). By comparison, the 18:1 levels in 
ssi2 fad7 and ssi2 fad7 fad8 plants were higher than those in ssi2 and lower compared to 
wt plants. These results suggest that ssi2 phenotypes are independent of FAD3, FAD4, 
and FAD5 genes and partially dependent on FAD7 and FAD7 FAD8 genes. 
 
Phosphatidic acid or phosphatidic acid-derived downstream signaling is not 
associated with the glycerol- or ssi2-triggered phenotypes 
The act1 mutation restores all the ssi2-triggered defense phenotypes because it increases 
the 18:1 levels in these plants (Kachroo et al., 2003b). Since the ACT1-catalyzed reaction 
eventually leads to the biosynthesis of phosphatiditic acid (PA), it is possible that the 
reduced levels of PA in ssi2 act1 plants contribute to restoration of mutant phenotypes. 
This is because PA levels are known to be induced during host-pathogen interactions (De 
Jong et al., 2004) and PA is likely to have a role in signaling (Zhang et al., 2003). To test 
the role of PA in ssi2-triggered defense phenotypes, lipid profile of ssi2 plants was 
determined. The levels of PA in ssi2 plants were similar to those in wt plants (Figure 
4.4A), suggesting that high levels of PA are not responsible for ssi2 phenotypes. Since 
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glycerol application to wt plants induces an ssi2-like phenotype, PA levels were 
measured in water- and glycerol-treated wt and act1 plants. As expected, the PA levels in 
act1 plants were approximately 2.8-fold lower than the wt plants, and these levels did not 
change significantly after glycerol application. By comparison, a marginal reduction in 
PA levels seen in glycerol-treated wt plants was not statistically significant. These results 
suggest that glycerol application has an impact on the ACT1-mediated acylation step 
without altering PA levels. PA produced in the prokaryotic pathway is converted to 
diacylglycerol, which then serves as a precursor for the synthesis of 
monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG; also 
Figure 1.2). To understand the role of these components in ssi2-triggered signaling, ssi2 
dgd1 double-mutant plants were generated, which are impaired in the synthesis of 
DGDG. The ssi2 dgd1 double-mutant plants showed rosette leaf arrangement like that of 
dgd1 plants, but much smaller, and showed visible and microscopic cell death lesions on 
their leaves (Figure 4.4B and 4.4C). The double-mutant plants contained low levels of 
18:1 and accumulated high levels of PR-1 (Table 4.3; Figure 4.4D). These results were 
further corroborated by glycerol application to dgd1 plants; as in wt plants, glycerol 
treatment of dgd1 plants caused a decline in 18:1 levels and induced high-level 
expression of PR-1 (Figure 4.4E). Together, these results suggest that a mutation in dgd1 
is not sufficient to restore ssi2 phenotypes. Furthermore, the ssi2-triggered phenotypes in 
dgd1 plants were restored by the act1 mutation, as judged by the lack of cell death lesions 
on ssi2 act1 dgd1 leaves. Other ssi2-like phenotypes could not be verified in the ssi2 act1 
dgd1 triple-mutant plants because they were severely dwarfed (similar to act1 dgd1 
plants; Klaus et al., 2002) and did not produce any viable seeds.  
 
Glycerol application lowers total lipid content in wild-type plants 
To determine whether the glycerol-mediated induction of cell death and defense gene 
expression in wt plants is associated with an altered lipid profile, the levels of individual 
lipids and the levels of total acyl carbons on each of these lipids were measured. The lipid 
profiles were obtained for leaves of wt and act1 plants treated with water or glycerol and 
compared with those of ssi2 plants. Glycerol application resulted in a marginal decline in 
the levels of leaf MGDG and DGDG in wt plants and a marginal increase in the levels of 
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phosphotidylglycerol (PG) and phosphatidylethanolamine (PE). By comparison, act1 
plants did not show any significant alteration in the levels of MGDG, DGDG, PG, and PE 
(Figure 4.5A). The levels of total acyl carbons and the total double bonds on each 
individual lipid did not alter significantly between glycerol- and water-treated samples 
(Figure 4.5C). These results suggest that glycerol application does not significantly alter 
the levels of plastidal and/or extraplastidal lipids or the number of acyl carbon groups on 
the individual lipids.  
 
Following up on the observation that the ssi2 plants showed a significant reduction in 
total lipid content in comparison to wt plants (Figure 4.5B), total lipid content in 
glycerol- and water-treated wt plants were also determined. Interestingly, the wt plants 
showed a statistically significant decline in the total nanomoles of lipids per milligram 
dry weight (223 versus 164) upon glycerol application (Figure 4.5B). Although the total 
lipid content of act1 plants was significantly lower than wt plants, it was not further 
altered upon glycerol treatment. These results suggest that glycerol application possibly 
slows down the growth rate of the plants similar to that observed in the ssi2 plants.  
 
The act1-mediated rescue of ssi2-triggered phenotypes does not involve further 
desaturation of 18:1 
Previously, it has been reported that ssi2 act1 plants show wild type-like morphological 
and molecular phenotypes (Kachroo et al., 2003b). It was also shown that high 18:1 
levels in these plants restore their phenotypes. However, it could not be ruled out that the 
increased 18:1 was further converted to 18:2 and/or 18:3 in membrane lipids, and these 
were responsible for the phenotypic reversion of ssi2 plants. Since SSI2 also acts on 
palmitic acid (16:0) substrate (Kachroo et al., 2001), it is also possible that 16:0-derived 
FAs may play a role in ssi2 act1 plants. If palmitoleic acid (16:1), 18:2, or 18:3 were 
important, the ssi2 act1 plants would require function of the FAD genes for their 
phenotypes. To test this, ssi2 act1 plants containing addition mutation in FAD2, FAD3, 
FAD4, FAD5, FAD6 or FAD7 genes were evaluated for various ssi2-like phenotypes. 
The conversion of 18:1 to 18:2 in plastidal and extraplastidal lipids is catalyzed by FAD6 
and FAD2, respectively. The conversion of 18:2 to 18:3 in plastidal and extraplastidal 
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lipids is catalyzed by FAD7-, FAD8-, and FAD3-encoded desaturases, respectively 
(Ohlrogge and Browse, 1995). The FAD4- and FAD5-encoded plastidal desaturases 
catalyze the conversion of 16:0 to 16:1 on PG and MGDG, respectively (Ohlrogge and 
Browse, 1995). All of the triple-mutant plants showed ssi2 act1-like pale leaf 
morphology and absence of any visible or microscopic cell death (Figure 4.6A and 4.6B). 
Except for ssi2 act1 fad2 plants, which grew slowly, all the other triple-mutant plants had 
similar growth rates to ssi2 act1 plants. Further, all triple-mutant plants showed basal-
level expression of PR-1 (Figure 4.6C). The FA profiling showed that ssi2 act1 and all 
triple-mutant plants accumulated high levels of 18:1 in their leaves (Table 4.4). The 
highest levels of 18:1 were found in the ssi2 act1 fad2 plants, which could be because 
these plants are blocked in the utilization of 18:1 in both the prokaryotic and the 
eukaryotic pathways. Consistent with the presence of the act1 mutation, both ssi2 act1 
and ssi2 act1 fad plants contained negligible amounts of 16:3. A reduction was also seen 
in 18:3 levels in ssi2 act1 fad2, ssi2 act1 fad6, and ssi2 act1 fad7 plants. However, this 
did not have an impact on JA responsiveness in these plants, as both fad2, fad6, and fad7 
single-mutant plants and ssi2 act1 fad2, ssi2 act1 fad6, and ssi2 act1 fad7 triple-mutant 
plants expressed high levels of PDF1.2 in response to JA treatment (Figure 4.6D). Taken 
together, these results show that restoration of ssi2 phenotypes by a mutation in act1 is 
not affected by the inability of these plants to convert 18:1 to 18:2 or 18:3 in plastidic or 
extraplastidic lipids and 16:0 to 16:1 in plastidic lipids, and thus confirms that 18:1, not 
18:2, 18:3, or 16:1, is responsible for this restoration. 
 
Discussion 
Glycerol plays a major role in various metabolic processes, including its conversion to 
G3P, which serves as a building block for glycerolipid biosynthesis. In plants, G3P is 
synthesized via the GK-mediated phosphorylation of glycerol or via the G3Pdh-mediated 
reduction of dihyroxyacetone phosphate (DHAP; Kang et al., 2003; Eastmond, 2004; 
Kachroo et al., 2004). Both GK and G3Pdh have already been shown to participate in 
host-pathogen interactions (Kang et al., 2003; Kachroo et al., 2004; Nandi et al., 2004). 
Results from previous chapter further reinforces the importance of glycerol-mediated 
signaling.  
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Exogenous glycerol application to wt plants results in the accumulation of SA and 
induction of PR genes, which suggests that the SA pathway is up-regulated in these 
plants. These findings are further supported by the observations that both the sid2 
mutation and the expression of the nahG transgene were able to abolish the glycerol-
mediated increases in SA and PR expression (Figures 4.1B and 4.1C). However, both 
sid2 and nahG plants showed glycerol-induced leaf cell death, thus disassociating SA 
accumulation from cell death. The defense phenotypes induced upon glycerol application 
to mutants impaired in R gene and SA signaling were similar to the phenotypes seen in 
ssi2 double mutants containing the respective alteration in the R gene or SA pathway. For 
example, ssi2 sid2 and ssi2 nahG plants showed cell death and basal-level expression of 
the PR-1 gene (Figures 4.2B and 4.2D). In addition, similar to glycerol-treated npr1 and 
eds5 plants, the ssi2 npr1 and ssi2 eds5 plants showed an increase in PR-2 and a decrease 
in PR-1 expression (Figures 4.1C and 4.2D). Similarly, ssi2 eds1, ssi2 pad4, ssi2 eds5, 
ssi2 ndr1, ssi2 sid2, and ssi2 nahG plants as well as the glycerol-treated single mutants 
showed ssi2-like reduced levels of 18:1 (Figure 4.1E; Table 4.1). These observations 
argue that exogenous application of glycerol induces the same signaling pathways as the 
ssi2 mutation.  
 
A comprehensive analysis of the ssi2 phenotypes in double-mutant backgrounds 
defective in the SA or R gene signaling pathways showed that several of these mutations 
had an effect on the morphology of the plant. The ssi2 eds1, ssi2 eds5, ssi2 pad4, ssi2 
sid2, and ssi2 nahG plants were larger than the ssi2 plants. A larger morphology is likely 
due to a reduction in SA/SAG levels in these plants (Figures 4.2A and 4.2C). However, 
ssi2 ndr1 plants also showed a reduction in SA/SAG levels, but these were 
morphologically similar to ssi2 plants. This suggests that factors other than SA may also 
contribute to stunted morphology of ssi2 plants. High levels of SA in ssi2 plants induce 
expression of EDS1 and PAD4 genes and these levels are abolished by the eds1 and pad4 
mutations (Chandra-Shekara et al., 2004). Thus, a dependence of ssi2-triggered resistance 
on EDS1 and PAD4 is likely to be associated with increased expression of these in the 
ssi2 background.  
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Besides the SA-signaling mutants, mutations in fad7 and fad7 fad8 also resulted in 
significantly reduced SA/SAG levels in the ssi2 plants (Figure 4.3H). Although the fad7 
and fad7 fad8 mutations down-regulated ssi2-triggered PR-2 gene expression, these 
mutations were unable to completely restore SA- or JA-mediated defenses in ssi2 plants 
(Figures 4.3G and 4.3J). One possible explanation for these observations would be that 
fad7 and fad7 fad8 mutations allow increased accumulation of 18:1 in ssi2 plants, which 
partially restored the ssi2-triggered phenotypes. Since fad7 and fad8 mutations block the 
step leading to the synthesis of 18:3 in plastidal membrane lipids, these mutations might 
cause a backup effect, resulting in the accumulation of an 18:1-ACP precursor. This idea 
is supported by the observation that 18:1 levels in fad7 and fad7 fad8 mutants were 
higher than in the wt plants. Similarly, the 18:1 levels in ssi2 fad7 and ssi2 fad7 fad8 
plants were consistently higher compared to those of the ssi2 plants (Table 4.2). The fad7 
and fad7 fad8 plants also showed a slower and less drastic decline in their 18:1 levels 
upon exogenous application of glycerol (Figure 4.3D). Interestingly, the partial 
restoration of phenotypes displayed by ssi2 fad7 and ssi2 fad7 fad8 plants was similar to 
that seen in ssi2 fad6 (Kachroo et al., 2003b). The fad6 mutants have increased 
accumulation of 18:1 in membranous lipids; thus it is likely that this mutation causes a 
similar backup effect resulting in accumulation of free 18:1 or 18:1-ACP in the plastids. 
Another plausible explanation for glycerol tolerance of fad7 and fad7 fad8 plants is that 
levels of trienoic acids regulate SA levels and a reduction in these compromises the SA-
mediated responses. This is supported by the observation that glycerol treatment or the 
presence of the ssi2 mutation was unable to trigger accumulation of high levels of SA in 
the fad7 or fad7 fad8 plants (Figures 4.3C and 4.3H).  
 
Epistatic analysis between ssi2 and various fad mutations showed that, except fad7 fad8, 
these mutations are unable to restore altered defense signaling in the ssi2 plants. The fad7 
fad8 mutation prevents the synthesis of trienoic FAs in the chloroplast resulting in 
compromised resistance to several avirulent P. syringae strains (Yaeno et al., 2004). The 
fad7 fad8 plants are also compromised in their resistance to the virulent P. syringae strain 
(Figure 4.3I). Consistent with these data, the ssi2-triggered resistance was compromised 
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in ssi2 fad7 fad8 plants. It is possible that enhanced susceptibility of ssi2 fad7 fad8 plants 
was associated with low levels of SA and SAG accumulation. However, the levels of 
SA/SAG in ssi2 fad7 plants were comparable to that of ssi2 fad7 fad8, and yet these 
plants were more tolerant to infection by P. syringae. In comparison to ssi2 fad7 plants, 
the ssi2 fad7 fad8 plants were more severely compromised in their levels of trienoic FAs, 
which suggests that, besides SA, levels of trienoic FAs may also be required for ssi2-
triggered resistance to P. syringae.  
 
In contrast to fad7, the fad5 and fad3 plants accumulated higher levels of SA than wild 
type upon exogenous application of glycerol (Figure 4.3C). However, unlike fad5, the 
fad3 plants did not show hypersensitivity toward glycerol (Figure 4.3A). Introduction of 
the fad5 mutation in the ssi2 plants enhanced their morphological severity and cell death 
phenotypes, but did not affect the levels of PR gene expression in these plants (Figures 
4.3E–4.3G). One possible explanation is that FAD5 or FAD5-derived components act to 
balance the negative effects caused by the ssi2 mutation and the absence of these 
accentuates the effects of the ssi2 mutation. These results further demonstrate common 
features between glycerol- and ssi2-mediated effects.  
 
Epistatic analysis between ssi2 act1 and various fad mutations showed that all triple-
mutant plants remained unaffected by a mutation in any of the fad genes (Figure 4.7). 
Together, these results suggest that levels of 16:1, 16:3, 18:2, and 18:3 are not critical for 
ssi2 phenotypes. Furthermore, they show that 18:1-derived signaling does not go through 
18:2 or 18:3 in plastidal or extraplastidal lipids. Since ssi2 or glycerol-treated wt or act1 
plants do not show any decrease or increase in PA levels, respectively, 18:1-mediated 
signaling is possibly not associated with alterations in PA levels (Figure 4.4A). This is 
further supported by the double-mutant analysis of ssi2 dgd1 plants, which show all the 
ssi2-related phenotypes (Figures 4.4B–4.4D).  
 
In conclusion, it is shown that ssi2-triggered signaling requires components of both SA 
and FAD pathways and is independent of the levels of 16:1, 16:3, 18:2, 18:3, and PA. A 
reduction in the ssi2-triggered increase in SA levels by mutations in the fad7 fad8 genes 
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further establishes a link between the SA and FAD pathways. An overlap between 
glycerol- and ssi2-mediated signaling pathways indicates a link between glycerol 
catabolism and SA signaling.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
Table 4.1. FA composition from leaf tissues of SSI2, ssi2, eds1, ssi2 eds1, ndr1, ssi2 ndr1, eds5, ssi2 eds5, pad4, ssi2 pad4, sid2, ssi2   
                 sid2, nahG, and ssi2 nahG plants. All measurements were made on plants grown at 22°C and data are described as mol% ±  
                 SD calculated for a sample size of six. 
 
Genotype 
 
16:0 
 
16:1 
 
16:2 
 
16:3 
 
18:0 
 
18:1 
 
18:2 
 
18:3 
 
Morphology 
 
SSI2  
 
14.85 ± 1.41  
 
4.10 ± 0.34  
 
0.99 ± 0.33  
 
16.30 ± 0.33  
 
0.63 ± 0.08  
 
2.31 ± 0.59  
 
13.1 ± 1.55  
 
47.72 ± 1.71  
 
Wild-type 
 
ssi2  
 
14.81 ± 2.10  
 
2.86 ± 0.44  
 
0.45 ± 0.18  
 
9.0 ± 1.06  
 
15.8 ± 2.82  
 
0.6 ± 0.18  
 
15.68 ± 1.72  
 
40.8 ± 1.45  
 
Stunted 
 
eds1  
 
13.73 ± 0.41  
 
4.66 ± 0.12  
 
0.55 ± 0.04  
 
17.95 ± 0.84  
 
0.70 ± 0.04  
 
1.27 ± 0.13  
 
10.41 ± 0.64  
 
50.73 ± 0.96  
 
Wild-type-like 
 
ssi2 eds1  
 
14.77 ± 2.75  
 
3.85 ± 0.54  
 
0.45 ± 0.1  
 
10.18 ± 1.29  
 
16.9 ± 1.99  
 
0.8 ± 0.15  
 
13.8 ± 2.39  
 
39.25 ± 3.53  
 
ssi2-like 
 
ndr1  
 
14.6 ± 0.41  
 
4.65 ± 0.12  
 
1.01 ± 0.1  
 
14.81 ± 0.67  
 
0.54 ± 1.3  
 
2.1 ± 0.48  
 
13.87 ± 1.04  
 
48.42 ± 0.98  
 
Wild-type-like 
 
ssi2 ndr1  
 
12.34 ± 0.33  
 
2.0 ± 0.1  
 
0.5 ± 0.1  
 
9.84 ± 1.53  
 
18.52 ± 1.3  
 
0.70 ± 0.48  
 
11.16 ± 1.04  
 
45.30 ± 0.98  
 
ssi2-like 
 
eds5  
 
14.05 ± 0.36  
 
4.29 ± 0.37  
 
1.17 ± 0.14  
 
16.39 ± 0.74  
 
0.60 ± 0.06  
 
2.39 ± 0.39  
 
14.72 ± 1.05  
 
46.39 ± 0.79  
 
Wild-type-like 
 
ssi2 eds5  
 
16.68 ± 2.31  
 
3.88 ± 0.96  
 
0.28 ± 0.04  
 
8.88 ± 1.86  
 
14.84 ± 2.59  
 
0.94 ± 0.20  
 
12.66 ± 0.65  
 
41.84 ± 5.00  
 
ssi2-like 
 
 pad4  
 
14.09 ± 0.88  
 
4.09 ± 0.65  
 
1.18 ± 0.22  
 
15.91 ± 1.59  
 
0.64 ± 0.11  
 
2.27 ± 0.60  
 
15.44 ± 2.29  
 
46.38 ± 1.78  
 
Wild-type-like 
 
ssi2 pad4  
 
15.16 ± 0.48  
 
3.05 ± 0.72  
 
0.5 ± 0.1  
 
8.62 ± 0.70  
 
17.54 ± 2.36  
 
0.88 ± 0.08  
 
12.25 ± 0.73  
 
42.00 ± 3.95  
 
ssi2-like 
 
sid2  
 
13.00 ± 0.36  
 
4.23 ± 0.35  
 
0.84 ± 0.19  
 
17.24 ± 0.92  
 
0.63 ± 0.06  
 
1.42 ± 0.39  
 
12.91 ± 1.90  
 
49.73 ± 1.62  
 
Wild-type-like 
 
ssi2 sid2  
 
16.68 ± 1.51  
 
5.1 ± 0.75  
 
0.18 ± 0.02  
 
10.68 ± 2.08  
 
17.58 ± 1.80  
 
0.68 ± 0.21  
 
8.68 ± 0.62  
 
40.42 ± 1.19  
 
ssi2-like 
 
nahG  
 
14.86 ± 0.90  
 
4.18 ± 0.68  
 
1.14 ± 0.51  
 
16.06 ± 2.30  
 
1.19 ± 0.50  
 
1.75 ± 0.92  
 
14.27 ± 3.29  
 
46.55 ± 3.47  
 
Wild-type-like 
 
ssi2 nahG 
 
14.60 ± 2.53 
 
3.32 ± 0.31 
 
0.31 ± 0.08 
 
10.0 ± 1.24 
 
18.01 ± 1.07 
 
0.9 ± 0.25 
 
13.68 ± 0.91 
 
39.18 ± 2.81 
 
ssi2-like 
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Table 4.2. FA composition from leaf tissues of SSI2, fad2, ssi2 fad2, fad3, ssi2 fad3, fad4, ssi2 fad4, fad5, ssi2 fad5, fad6, ssi2 fad6,     
                 fad7, ssi2 fad7, fad7 fad8, and ssi2 fad7 fad8 plants. All measurements were made on plants grown at 22°C and data are    
                 described as mol% ± SD calculated for a sample size of six. nd, not detected. 
 
Genotype 16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3 Morphology 
SSI2  
 
15.1 ± 0.47  
 
4.5 ± 0.46  
 
0.9 ± 0.36  
 
16.02 ± 0.77  
 
0.68 ± 0.13  
 
2.9 ± 0.07  
 
12.52 ± 2.36  
 
47.38 ± 2.24  
 
Wild type 
 
ssi2  14.12 ± 1.10  3.01 ± 0.65  0.45 ± 0.10  9.4 ± 1.23  16.1 ± 2.22  0.7 ± 0.10  13.68 ± 2.12  42.54 ± 2.47  Stunted 
fad2  
 
13.7 ± 1.10  
 
4.47 ± 0.42  
 
1.58 ± 0.81  
 
20.58 ± 0.72  
 
0.42 ± 0.13  
 
14.65 ± 2.47  
 
4.18 ± 0.35  
 
40.42 ± 1.43  
 
Wild-type-like 
 
ssi2 fad2  17.08 ± 1.23  2.66 ± 0.49  0.38 ± 0.08  7.82 ± 1.52  10.83 ± 0.5  19.54 ± 2.02  3.84 ± 0.40  37.85 ± 1.82  ssi2-like 
fad3  
 
14.58 ± 0.53  
 
4.22 ± 0.32  
 
1.44 ± 0.27  
 
16.4 ± 0.68  
 
0.6 ± 0.12  
 
3.42 ± 0.37  
 
19.84 ± 1.73  
 
39.5 ± 2.25  
 
Wild-type-like 
 
ssi2 fad3  12.48 ± 1.80  3.66 ± 0.28  0.4 ± 0.1  10.82 ± 2.71  14.72 ± 2.1  1 ± 0.41  20.3 ± 4.89  36.62 ± 5.6  ssi2-like 
fad4  
 
17.88 ± 0.38  
 
0.7 ± 0.07  
 
1.18 ± 0.15  
 
16.22 ± 0.31  
 
0.6 ± 0  
 
2.38 ± 0.35  
 
13.00 ± 1.43  
 
48.04 ± 1.59  
 
Wild-type-like 
 
ssi2 fad4  21.02 ± 1.34  nd nd 9.94 ± 0.39  9.82 ± 1.49  0.8 ± 0.1  10.78 ± 1.06  47.64 ± 2.01  ssi2-like 
fad5  
 
25.64 ± 0.63  
 
4.04 ± 0.61  
 
nd 
 
nd 
 
1.3 ± 0.1  
 
2.5 ± 0.36  
 
14.7 ± 1.94  
 
52.18 ± 1.36  
 
Wild-type-like 
 
ssi2 fad5  20.22 ± 1.05  1.88 ± 0.14  0.4 ± 0.1  nd  21.66 ± 2.0  1.1 ± 0.22  12.44 ± 0.40  42.3 ± 1.67  ssi2-like 
fad6  
 
14.62 ± 0.38  
 
17.25 ± 1.30  
 
nd 
 
nd  
 
0.88 ± 0.1  
 
22.72 ± 0.39  
 
13.46 ± 0.97  
 
31.07 ± 0.85  
 
Wild-type-like 
 
ssi2 fad6  17.6 ± 0.62  8.3 ± 0.55  nd  nd  11.36 ± 0.05  11.58 ± 0.87  16.4 ± 0.92  34.76 ± 1.76  Larger than ssi2 
fad7  
 
13.42 ± 0.35  
 
4.6 ± 0.45  
 
10.9 ± 0.35  
 
4.1 ± 0.64  
 
0.84 ± 0.15  
 
3.84 ± 0.21  
 
31.2 ± 1.94  
 
31.10 ± 1.50  
 
Wild-type-like 
 
ssi2 fad7  19.22 ± 1.38  4.27 ± 0.55  11.2 ± 0.8  2.55 ± 0.5  15.47 ± 2.03  1.9 ± 0.42  24.85 ± 1.29  20.39 ± 1.40  Larger than ssi2 
fad7 fad8  
 
12.26 ± 0.31  
 
5.36 ± 0.18  
 
16.24 ± 0.78  
 
nd 
 
0.52 ± 0.04  
 
3.28 ± 0.63  
 
53.92 ± 0.97  
 
8.42 ± 1.22  
 
Wild-type-like 
 
ssi2 fad7 fad8 14.93 ± 1.43 4.65 ± 0.50 14.81 ± 0.20 0.51 ± 0.5 14.93 ± 2.61 2.05 ± 0.25 35.9 ± 1.48 12.11 ± 1.74 Larger than ssi2 
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Table 4.3. FA composition from leaf tissues of wild-type, ssi2, dgd1 and ssi2 dgd1 plants. All measurements were made on plants  
                 grown at 22°C and data are described as mol% ± SD calculated for a sample size of six. 
 
Genotype 
 
16:0 
 
16:1 
 
16:2 
 
16:3 
 
18:0 
 
18:1 
 
18:2 
 
18:3 
 
Morphology 
 
Wt 
 
16.16 ± 0.8 
 
4.2 ± 0.29 
 
1.24 ± 0.08 
 
16.44 ± 0.4 
 
0.92 ± 0.32 
 
2.58 ± 0.08 
 
13.4 ± 0.77 
 
44.9 ± 1.89 
 
Wild-type 
 
ssi2  
 
14.6 ± 2.13  
 
3.12 ± 0.59  
 
0.52 ± 0.18  
 
10.35 ± 0.12  
 
12.15 ± 2.1  
 
0.95 ± 0.71  
 
12.58 ± 1.27  
 
44.9 ± 2.72  
 
stunted 
 
dgd1 
 
18.37 ±1.55 
 
4.39 ± 0.6 
 
0.48 ± 0.26 
 
5.87 ± 2.37 
 
1.82 ± 1.91 
 
2.5 ± 0.3 
 
12.5 ± 1.82 
 
54.1 ± 3.59 
 
Smaller than wt 
 
ssi2 dgd1 
 
18.83 ± 0.97  
 
2.62 ± 0.25 
 
0.25 ± 0.2  
 
4.89 ± 1.24 
 
12.66 ± 1.51 
 
1.12 ± 0.21  
 
11.2 ± 0.7  
 
48.34 ± 2.59  
 
ssi2-like 
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Table 4.4. FA composition from leaf tissues of ssi2, act1, ssi2 act1, ssi2 act1 fad2, ssi2 act1 fad3, ssi2 act1 fad5, ssi2 act1 fad6, and  
               ssi2 act1 fad7 plants. All measurements were made on plants grown at 22°C and data are described as mol% ± SD calculated  
               for a sample size of six. nd, not detected. 
 
Genotype 16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3 Morphology 
ssi2  
 
14.81 ± 2.10  
 
2.86 ± 0.44  
 
0.45 ± 0.18  
 
9.0 ± 1.06  
 
15.8 ± 2.82  
 
0.6 ± 0.18  
 
15.68 ± 1.72  
 
40.8 ± 1.45  
 
Stunted 
 
act1  
 
12.5 ± 0.71  
 
2.92 ± 0.32  
 
0.2 ± 0.16  
 
0.35 ± 0.12  
 
1.15 ± 0.1  
 
10.7 ± 1.71  
 
14.58 ± 1.27  
 
57.6 ± 2.72  
 
Wild-type-like 
 
ssi2 act1  9.17 ± 1.30  1.62 ± 0.22  0.45 ± 0.12  nd  9.5 ± 2.23  7.22 ± 2.2  16.52 ± 1.23  55.52 ± 3.12  Pale wild type-like 
fad2  
 
13.7 ± 1.10  
 
4.47 ± 0.42  
 
1.58 ± 0.81  
 
20.58 ± 0.72  
 
0.42 ± 0.13  
 
14.65 ± 2.47  
 
4.18 ± 0.35  
 
40.42 ± 1.43  
 
Wild-type-like 
 
ssi2 act1fad2  4.2 ± 0.23  1.2 ± 0.5  nd  nd 13.2 ± 1.36  40.9 ± 2.08  3.2 ± 0.55  37.3 ± 2.95  Pale wild-type-like 
fad3  
 
14.58 ± 0.53  
 
4.22 ± 0.32  
 
1.44 ± 0.27  
 
16.4 ± 0.68  
 
0.6 ± 0.12  
 
3.42 ± 0.37  
 
19.84 ± 1.73  
 
39.5 ± 2.25  
 
Wild-type-like 
 
ssi2 act1fad3  8.18 ± 0.82  2 ± 0.45  nd nd  9.88 ± 1.20  3.32 ± 0.79  24.16 ± 3.6  52.46 ± 4.01  Pale wild-type-like 
fad4  
 
17.88 ± 0.38  
 
0.7 ± 0.07  
 
1.18 ± 0.15  
 
16.22 ± 0.31  
 
0.6 ± 0  
 
2.38 ± 0.35  
 
13.00 ± 1.43  
 
48.04 ± 1.59  
 
Wild-type-like 
 
ssi2 act1fad4  16.7 ± 0.36  nd nd nd 6.46 ± 0.61  2.54 ± 0.1  22 ± 1.24  52.3 ± 1.23  Pale wild-type-like 
fad5  
 
25.64 ± 0.63  
 
4.04 ± 0.61  
 
nd  
 
nd 
 
1.3 ± 0.1  
 
2.5 ± 0.36  
 
14.7 ± 1.94  
 
52.18 ± 1.36  
 
Wild-type-like 
 
ssi2 act1fad5  
 
8.16 ± 0.74  
 
1.54 ± 0.25  
 
nd  
 
nd 
 
13.24 ± 0.32  
 
3.38 ± 1.06  
 
17.76 ± 2.04  
 
55.92 ± 1.97  
 
Pale wild-type-like 
 
fad6  
 
14.62 ± 0.38  
 
17.25 ± 1.3  
 
nd  
 
nd 
 
0.88 ± 0.10  
 
22.72 ± 0.39  
 
13.46 ± 0.97  
 
31.07 ± 0.85  
 
Wild-type-like 
 
ssi2 act1fad6  13.4 ± 1.2  14.6 ± 0.7  nd  nd  11.5 ± 1.0  18.2 ± 1.2  13.7 ± 2.1  28.6 ± 2.2  Pale wild-type-like 
fad7  
 
13.42 ± 0.35  
 
4.6 ± 0.45  
 
10.9 ± 0.35  
 
4.1 ± 0.64  
 
0.84 ± 0.15  
 
3.84 ± 0.21  
 
31.2 ± 1.94  
 
31.10 ± 1.50  
 
Wild-type-like 
 
ssi2 act1fad7 
 
11.67 ± 1.84 
 
nd 
 
nd 
 
nd 
 
16.05 ± 0.44 
 
7.02 ± 0.74 
 
30.27 ± 5.4 
 
34.99 ± 5.0 
 
Pale wild-type-like 
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Figure 4.1. Glycerol-mediated effects on mutants impaired in SA or R gene signaling.
(A) Microscopy of trypan blue-stained leaves from indicated genotypes treated with
water or 50 mM glycerol. SSI2 indicates Col-0 ecotype. (B) Endogenous SA and SAG
levels in the leaves of indicated 4-week-old soil-grown plants treated with water or
glycerol. The values are presented as the mean of three replicates. Error bars represent
SD. (C) Expression of the PR-1 and PR-2 genes in indicated genotypes. RNA gel-blot
analysis was performed on 7 µg of total RNA extracted from 4-week-old soil-grown
plants treated with water or glycerol. SSI2 indicates Col-0 ecotype. Ethidium bromide
staining of rRNA was used as a loading control. (D) Growth of H. parasitica biotype
Emco5 on various plant genotypes listed at the left. The Ler and Ws ecotypes were used
as the resistant and susceptible controls, respectively. The plants were treated with water
(W) or glycerol (G) for 72 h prior to pathogen inoculation and approximately 60 to 75
cotyledons were scored for infection. The shade of each box indicates the severity of
infection, based on the number of sporangiophores per cotyledon (see key at the right).
Except eds1-1 (Ws background) and nahG (Nö background), all other mutant lines were
in Col-0 background. (E) Glycerol-induced changes in the 18:1 levels in leaf tissue of 4-
week-old plants. Plants were treated with glycerol or water, and samples taken 72 h post
treatment were analyzed for FAs using gas chromatography (GC). SSI2 indicates Col-0
ecotype. The values are presented as the mean of six to eight replicates. Error bars
represent SD.
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Figure 4.2. Morphological, molecular, and biochemical phenotypes of wild-type, ssi2, 
ssi2 nahG, ssi2 sid2, ssi2 pad4, ssi2 eds1, ssi2 eds5, and ssi2 ndr1 plants. (A) 
Comparison of the morphological phenotypes displayed by the wild-type (SSI2, Nö 
ecotype), ssi2, and various double-mutant plants in the ssi2 background. (B) Microscopy 
of trypan blue-stained leaves from wild-type (SSI2, Nö ecotype), ssi2, and various 
double-mutant plants in the ssi2 background. (C) Endogenous SA and SAG levels in the 
leaves of indicated 4-week-old soil-grown plants treated with water or glycerol. The 
values are presented as the mean of three replicates. Error bars represent SD. (D) 
Expression of the PR-1 and PR-2 genes in indicated genotypes. RNA gel-blot analysis 
was performed on 7 µg of total RNA extracted from 4-week-old soil-grown plants. SSI2 
indicates Nö ecotype. Ethidium bromide staining of rRNA was used as a loading control. 
(E) Growth of H. parasitica biotype Emco5 on various plant genotypes listed at the left. 
The Ler and Nö ecotypes were used as the resistant and susceptible controls, respectively. 
The numbers against each box indicate cotyledons scored. The shade of each box 
indicates the severity of infection, based on the number of sporangiophores per cotyledon 
(see key at the right). (F) Growth of P. syringae on SSI2, ssi2, ssi2 eds1, and ssi2 ndr1. 
Four leaf discs were harvested from infected leaves at 3 d post inoculation, ground in 10 
mM MgCl2, and the bacterial numbers tittered. The bacterial numbers ± SD (n = 4) 
presented as colony forming units (CFU) per unit leaf area of 25 mm2.  
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Figure 4.3. Glycerol-mediated effects on mutants impaired in various FAD steps and 
double-mutant analysis of ssi2 in different fad backgrounds. (A) Comparison of the 
morphological and cell death phenotypes displayed by the wt Col-0 (SSI2) and fad 
mutant plants. The plants were treated with water or glycerol and photographed 3 dpt. (B) 
Expression of the PR-1 gene in water- and glycerol-treated fads, wt and act1 plants. RNA 
gel-blot analysis was performed on 7 µg of total RNA extracted from 4-week-old soil-
grown plants. Ethidium bromide staining of rRNA was used as a loading control. (C) 
Endogenous SA levels in the leaves of 4-week-old plants treated with water (W) or 
glycerol (G). The values are presented as the mean of three replicates. Error bars 
represent SD.  (D) Glycerol-induced changes in the 18:1 levels in leaf tissue of 4-week-
old plants. The ssi2 gly1 and ssi2 act1 plants were used as controls. Plants were treated 
with glycerol (G) or water (W), and samples taken 72 h post treatment were analyzed for 
FAs using GC. The values are presented as the mean of six to eight replicates. Error bars 
represent SD. (E) Comparison of the morphological phenotypes displayed by the ssi2 and 
various ssi2 fad double- and triple-mutant plants. (F) Microscopy of trypan blue-stained 
leaves from ssi2 and various ssi2 fad double- and triple-mutant plants. (G) Expression of 
the PR-1 and PR-2 genes in wild-type (SSI2, Nö ecotype), ssi2, and various ssi2 fad 
double- and triple-mutant plants. RNA gel-blot analysis was performed on 7 µg of total 
RNA extracted from 4-week-old soil-grown plants. Ethidium bromide staining of rRNA 
was used as a loading control. (H) Endogenous SA and SAG levels in the leaves of 4-
week-old soil-grown SSI2 (Col-0), ssi2, ssi2 fad7, and ssi2 fad7 fad8 plants. Values are 
presented as the mean of three replicates. Error bars represent SD. (I) Growth of P. 
syringae on SSI2, ssi2, fad5, ssi2 fad5, fad7, ssi2 fad7, fad7 fad8, and ssi2 fad7 fad8. 
Four leaf discs were harvested from infected leaves at 3 d postinoculation, ground in 10 
mM MgCl2, and the bacterial numbers tittered. The bacterial numbers ± SD (n = 4) 
presented as colony forming units (CFU) per unit leaf area of 25 mm2. The experiment 
was independently performed twice with similar results. (J) Expression of the PDF1.2 
gene in SSI2, ssi2, ssi2 fad7, and ssi2 fad7 fad8 plants in response to 50 µM JA. Samples 
were harvested 48 h post treatment and analyzed by RNA gel-blot analysis performed on 
7 µg of total RNA. Ethidium bromide staining of rRNA was used as a loading control.  
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Figure 4.4. PA levels and morphological and molecular analyses of ssi2 dgd1 plants. (A) 
PA levels in ssi2 and wild-type (Col-0) and act1 plants treated with water (W) or glycerol 
(G). The values are presented as the mean of five replicates. Error bars represent SD. 
According to Student's t test, the difference in PA levels in water- and glycerol-treated 
samples was not significant (P < 0.05). (B) Comparison of the morphological phenotypes 
displayed by the 4-week-old soil-grown dgd1 and ssi2 dgd1 plants. (C) Microscopy of 
trypan blue-stained leaves from ssi2, dgd1, and ssi2 dgd1 plants. (D) Expression of the 
PR-1 gene in ssi2, dgd1, and ssi2 dgd1 plants. RNA gel-blot analysis was performed on 7 
µg of total RNA extracted from 4-week-old soil-grown plants. Ethidium bromide staining 
of rRNA was used as a loading control. (E) Expression of the PR-1 gene and 18:1 levels 
in water- and glycerol-treated wt (Col-0 ecotype) and dgd1 plants. RNA gel-blot analysis 
was performed on 7 µg of total RNA extracted from 4-week-old soil-grown plants. 
Ethidium bromide staining of rRNA was used as a loading control. The 18:1 levels are 
described as mol% and the values shown are the average of six replicates (±SD). 
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Figure 4.5. Lipid profile and total lipid content in water or glycerol treated Col-0 and 
act1 plants. (A) Profile of total lipids extracted from Col-0 and act1 plants treated with 
water or glycerol. The values are presented as the mean of five replicates. Error bars 
represent SD. PG, Phosphatidylglycerol; PC, Phosphatidylcholine;PE, 
Phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine. (B) 
Comparison of total lipid content in water- and glycerol-treated SSI2 (Col-0) and act1 
plants with that of ssi2. The values are presented as the mean of five replicates. Error bars 
represent SD. (C) Lipid molecular species (total acyl carbons: total acyl double bonds) in 
glycerol- and water-treated Col-0 and act1 plants. The values are presented as the mean 
of five replicates. Error bars represent SD. 
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Figure 4.6. Morphological and molecular phenotypes of ssi2 act1 and various ssi2 act1 
fad triple-mutant plants. (A) Comparison of the morphological phenotypes displayed by 
the 4-week-old soil-grown ssi2 act1 and various ssi2 act1 fad triple-mutant plants. (B) 
Microscopy of trypan blue-stained leaves from ssi2 act1 and ssi2 act1 fad triple-mutant 
plants. (C) Expression of the PR-1 gene in wild-type, ssi2, ssi2 act1, and various ssi2 
act1 fad triple-mutant plants. RNA gel-blot analysis was performed on 5 µg of total RNA 
extracted from 4-week-old soil-grown plants. Ethidium bromide staining of rRNA was 
used as a loading control. (D) Expression of the PDF1.2 in response to 50 µM JA. 
Samples were harvested 48 h post treatment and analyzed by RNA gel-blot analysis 
performed on 7 µg of total RNA. Ethidium bromide staining of rRNA was used as a 
loading control. 
Copyright © Srivathsa C Venugopal 2008 
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CHAPTER 5 
 
REDUNDANCY IN DEFENSE: OLEATE-REGULATED SIGNALING 
RECRUITS COMPONENTS OF SALICYLIC ACID-MEDIATED PATHWAYΦ 
 
Earlier results from Chandra-Shekara et al, (2007) have shown that a mutation in ssi2 up-
regulates expression of the R gene, HRT which confers resistance to Turnip Crinkle Virus 
(TCV). Interestingly, ssi2 sid2 plants, which contain basal levels of SA, also showed high 
expression of HRT. These results suggested that low 18:1 levels induce expression of R 
gene in an SA-independent manner. To determine if 18:1 levels also regulated the 
expression of other R genes, transcript levels of R genes were analyzed in various genetic 
backgrounds. In addition, 18:1 mediated expression of R genes and ssi2 phenotypes were 
studied in double and triple mutant backgrounds. This study also lead to the identification 
of redundancy in SA pathway and downstream components involved in low 18:1-
mediated signaling pathway. 
 
Low 18:1 conditions up-regulate expression of structurally divergent R genes  
To determine if ssi2 background also induced expression of R genes and if this induction 
was due to elevated levels of SA, R gene transcript levels were analyzed in ssi2 and ssi2 
sid2 backgrounds. Eleven R genes, encoding CC-NBS-LRR or TIR-NBS-LRR proteins, 
were tested and all showed elevated transcript levels in ssi2 and ssi2 sid2 plants (Figures 
5.1A). Since ssi2 sid2 plants contain basal levels of SA, (Figure 4.2C), this data suggests 
that 18:1-regulated expression of R genes was independent of SA. This was further 
confirmed by glycerol application of Col-0 and sid2 plants, which resulted in up-
regulation of various R genes (Figure 5.1B). As predicted, the glycerol tolerant act1 
plants, which do not decrease 18:1 in response to glycerol application (Figure 3.5), 
showed basal level expression of R genes (Figure 5.1C). To determine if a correlation 
                                                
Φ The results presented in the first two sections of this chapter were published in: 
Chandra-Shekara AC, Venugopal SC, Barman SR, Kachroo A, and Kachroo P (2007) 
Plastidial fatty acid levels regulate resistance gene-dependent defense signaling in 
Arabidopsis. Proc Natl Acad Sci USA 104:7277-7282. 
“Copyright (2007) National Academy of Sceince, U.S.A.” 
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exists between 18:1 levels and induced levels of R genes, a time-course experiment was 
carried out using Col-0 and 35S-ACT1 plants. As previously shown (Figure 3.5), over 
expression of ACT1 leads to hypersensitivity to glycerol. In comparison to Col-0 plants, 
the 35S-ACT1 plants showed rapid induction and increased accumulation of R genes 
(Figure 5.1C). Together, these data suggest that 18:1-regulated expression of R genes was 
independent of SA and an increase in transcript levels of R genes correlates with a 
reduction in 18:1 levels.  
 
Low 18:1-mediated up-regulation of R genes does not require RAR1  
The 18:1-regulated R gene expression was next analyzed in the RAR1 mutant 
background, which encodes an essential component of R gene-mediated signaling (Boyes 
et al., 1998; Axtell and Staskawicz, 2003; Holt et al., 2005). Upon glycerol treatment, the 
rar1 plants showed reduction in18:1 levels (Figure 5.2A), which coincided with the 
appearance of visible and microscopic cell death and increased PR-1 transcript levels 
(Figures 5.2B and 5.2C). Similar to the wt (Ler) plants, glycerol treatment also induced 
expression of various R genes in rar1 plants (Figure 5.2D). To further confirm these 
results, the rar1 mutation was mobilized into ssi2 background and ssi2 rar1 plants were 
studied for various ssi2-triggered phenotypes. The ssi2 rar1 plants were morphologically 
similar to ssi2 plants and showed visible and microscopic cell death and constitutive 
expression of PR-1 gene  (Figures 5.2E-5.2G). These phenotypes also correlated with 
constitutive expression of R genes in ssi2 rar1 plants (Figure 5.2H). To determine if cell 
death and increased expression of R genes in ssi2 rar1 plants was due to high SA levels, 
ssi2 rar1 sid2 plants were generated. The ssi2 rar1 sid2 plants showed ssi2 sid2-like 
morphology and visible and microscopic cell death (Figures 5.2E and 5.2F). As 
predicted, ssi2 rar1 sid2 plants showed basal level expression of PR-1 gene (Figure 
5.2G). The ssi2 rar1 sid2 plants showed increased expression of R genes and the 
transcript levels of these were similar to that observed in ssi2 plants (Figure 5.2H). Taken 
together these results indicate that 18:1-mediated, increased R gene expression was 
independent of RAR1. 
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Low 18:1 confers resistance against Pseudomonas in rar1, rpm1 and rps2 
backgrounds    
Earlier results have shown that TCV acts as a virulent pathogen on ssi2 and that 18:1-
regulated induction of HRT is required to confer resistance against TCV (Chandra-
Shekara et al., 2004). To test if presence of R gene was required for enhanced resistance 
to avirulent bacterial pathogens, the Arabidopsis plants containing mutation in R genes 
RPM1 and RPS2 plants were treated with glycerol and water and challenged with 
Pseudomonas syringae containing avrRpm1 or avrRpt2, respectively. The glycerol-
treated rpm1-3 and rps2-101c mutant plants showed reduced 18:1 levels indicating they 
are not impaired in glycerol responsiveness (Figure 5.3A). As shown earlier, a loss-of-
function mutation in the RPM1 and RPS2 genes compromised resistance to their 
respective avirulent pathogens (Boyes et al., 1998; Axtell and Staskawicz, 2003; Figures 
5.3B and 5.3C). In comparison to the water-treated controls, the glycerol-treated rps2-
101C and rpm1-3 plants showed significant reduction in their bacterial titer. However, 
the bacterial titer in glycerol-treated rps2 and rpm1 plants was higher compared to water- 
or glycerol- treated wt plants, suggesting that the glycerol application had a partial effect. 
Since both RPS2- and RPM1-mediated resistance is dependent on RAR1, resistance was 
next evaluated in rar1 mutant backgrounds. Similar to rps2 and rpm1 plants, glycerol 
treatment conferred enhanced resistance in RPS2 rar1 or RPM1 rar1 plants but the effect 
was partial (Figures 5.3B and 5.3C). Together, these results suggest that low 18:1 
induced defense signaling was able to confer partial resistance in absence of RPS2 or 
RPM1 R genes or their downstream component, RAR1.  
 
18:1-mediated up-regulation of R genes requires EDS1 or SA as a downstream 
signal 
Since expression and downstream signaling of several TIR-NBS-LRR R proteins requires 
EDS1 (Shirano et al., 2002; Aarts et al., 1998; Li et al., 2001), the ssi2-mediated up-
regulation of R genes was next studied in the eds1 background. Interestingly, ssi2 eds1 
plants showed elevated transcripts of all R genes, including those that are dependent on 
EDS1 (Figure 5.4D). This was further confirmed by glycerol treatment, which increased 
R gene transcript levels in eds1 plants, comparable to the levels induced in wt plants 
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(Figure 5.4H). To rule of a role of SA in up-regulation of R genes in ssi2 eds1 plants, 
(Figure 4.2C) the expression of R genes was studied in ssi2 eds1 sid2 background. 
Interestingly, ssi2 eds1 sid2 plants showed basal levels expression of R genes, similar to 
the levels seen in wt plants (Figure 5.4D). Furthermore unlike ssi2 sid2 or ssi2 eds1, the 
ssi2 eds1 sid2 plants showed wt-like morphology, and absence of visible or microscopic 
cell death (Figures 5.4A and 5.4C). Like ssi2 sid2, the ssi2 eds1 sid2 plants showed basal 
level expression of PR-1 gene. But unlike ssi2 sid2, the ssi2 eds1 sid2 showed basal level 
expression of PR-2 gene (Figure 5.4B). The FA profile of ssi2 eds1 sid2 plants was 
similar to that of ssi2 and showed reduced accumulation of 18:1 (Table 5.1). Together, 
these results suggested that EDS1 and SA functioned downstream of 18:1-mediated 
signaling and upstream of R genes. Furthermore, these results indicated that the 18:1-
regulated pathway was able to use either EDS1 or SA as downstream signals.  
 
To test the redundant role of EDS1 and SA in the 18:1-regulated pathway, the ssi2 eds1 
sid2 plants were treated with SA or its active analog BTH. Application of SA or BTH 
induced lesion formation on ssi2 eds1 sid2 leaves but not on wt, eds1, sid2 or eds1 sid2 
plants (Figures 5.4E and 5.4F). Also, application of SA or BTH restored constitutive 
expression of R genes in ssi2 eds1 sid2 plants (Figure 5.4G). Thus, application of SA 
restored ssi2 sid2- or ssi2 sid2-like phenotypes in ssi2 eds1 sid2 plants.  
 
To confirm that EDS1 and SA operated downstream of the low 18:1 generated signal, the 
eds1 sid2 plants were evaluated for their ability to induce R genes in response to glycerol. 
Exogenous application of glycerol lowered 18:1 levels (Figure 5.4H) and induced high 
level expression of R genes in wt, eds1 and sid2 backgrounds. However, glycerol 
application on eds1 sid2 plants led to marginal or no increase in transcript levels of R 
genes (Figure 5.4H). These results confirmed that EDS1 and SA function downstream of 
18:1 and upstream of R gene expression. 
 
ssi2 eds1 sid2 plants show altered lipid profile   
Next, lipid analysis was carried out in order to determine if restoration of wt-like 
phenotypes in ssi2 eds1 sid2 plants was due to normalization of altered lipid profile 
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associated with the ssi2 mutation. The ssi2 eds1 sid2 leaves accumulated wt-like levels of 
total lipids (Figure 5.5A). The total lipid levels were higher than the ssi2 act1 plants, 
which like ssi2 eds1 sid2 are restored in various ssi2-phenotypes but showed lowest total 
lipid content. The monogalactosyldiacylglycerol and phosphatidylethanolamine levels in 
ssi2 eds1 sid2 leaves were higher compared to wt plants but the levels of 
digalactosyldiacylglycerol, phosphatidylinositol, phoshatidylserine and phosphatidic acid 
were similar to ssi2 (Figure 5.5B). These data suggests that an increase in total lipid 
levels of ssi2 eds1 sid2 leaves was largely due to increased accumulation of MGDG, 
which is one of the most abundant lipid species. A contrasting lipid profile of ssi2 eds1 
sid2 versus ssi2 act1 suggests that total lipid content or levels of individual lipid species 
do not govern restoration of ssi2 phenotypes.  
 
A mutation in FAD7 FAD8 and EDS5 can restore altered defense signaling in ssi2 
eds1 plants 
Besides SID2, a mutation in fad7 or fad7 fad8 also compromises accumulation of SA in 
ssi2 plants (Figure 4.3H). To test if fad7 or fad7 fad8 mutations produced the same effect 
as sid2, these mutations were mobilized into ssi2 eds1 background. The ssi2 eds1 fad7 
and ssi2 eds1 fad7 fad8 plants showed bigger morphology than ssi2 fad7 or ssi2 fad7 
fad8 plants (Figure 5.6A) and among these only ssi2 eds1 fad7 fad8 showed wt-like 
morphology and absence or greatly reduced cell death lesions (Figure 5.6B). The ssi2 
eds1 fad7 plants showed very weak expression of PR-1 gene while ssi2 eds1 fad7 fad8 
showed basal levels, similar to wt, eds1, fad7 or fad7 fad8 plants. The PR-2 gene 
expression in ssi2 eds1 fad7 and ssi2 eds1 fad7 fad8 plants was also reduced to basal 
levels (Figure 5.6C). The PR-1 and PR-2 gene expression correlated with the endogenous 
SA/SAG levels; the ssi2 eds1 fad7 and ssi2 eds1 fad7 fad8 plants showed greatly reduced 
or basal levels of SA and SAG (Figure 5.6D). Analysis of R gene transcript levels in ssi2 
eds1 fad7 plants showed a nominal reduction in expression levels of some R genes 
(Figure 5.6E). By comparison, the transcript levels of all R genes tested were reduced to 
basal levels in ssi2 eds1 fad7 fad8 plants (Figure 5.6E). Analysis of FA profile did not 
show a difference in 18:1 or other FA’s between ssi2 fad7 fad8 or ssi2 eds1 fad7 fad8  
(Table 5.2). This suggested that restoration of defense phenotypes in ssi2 eds1 fad7 fad8 
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was not associated with an increase in 18:1 levels.  
 
A mutation in EDS5 and PAD4 also lower SA/SAG levels in ssi2 plants (Figure 4.2C). 
To determine if these mutations can supplement the effect produced by sid2 or fad7 fad8 
in ssi2 eds1 background, triple mutants containing ssi2 eds1 pad4 and ssi2 eds1 eds5 
were generated. The ssi2 eds1 pad4 plants were morphologically similar to ssi2 eds1 or 
ssi2 pad4 plants and showed spontaneous cell death (Figures 5.7A and 5.7B). In 
comparison, ssi2 eds1 eds5 showed wt-like morphology and greatly reduced cell death 
(Figures 5.7A and 5.7B). Quantification of endogenous SA levels showed that ssi2 eds1 
eds5 plants accumulated basal levels while ssi2 eds1 pad4 still contained elevated levels 
of SA and SAG. Both ssi2 eds1 eds5 and ssi2 eds1 pad4 accumulated lower SA/SAG 
levels compared to ssi2 eds5 and ssi2 pad4, respectively (Figures 5.7C and 5.7D). Taken 
together, these results confirm that suppression of SA levels was required for 
normalization of defense phenotypes in ssi2 eds1 background. 
 
PAD4, SAG101 and EDS5 do not participate in the 18:1-mediated regulation of R 
genes 
Since SAG101 and EDS1 proteins physically interact with each other and modulate SA 
signaling-pathway and plant defense (Feys et al., 2005), ssi2 sag101plants were created 
and studied for various ssi2 phenotypes. The ssi2 sag101 plants showed ssi2 or ssi2 eds1 
like morphology, presence of visible and microscopic cell death and constitutive 
expression of PR-1 gene (Figures 5.8A- 5.8C). Consistent with these phenotypes, the ssi2 
sag101 plants accumulated elevated levels of SA and SAG and showed increased 
expression of R genes (Figure 5.8D). Notably, the SA levels in ssi2 sag101 plants were 
~6-fold lower than ssi2 plants, suggesting that SAG101 contributed towards accumulation 
of SA in ssi2 plants (Figures 5.8E and 5.8F).  To determine if sag101 bestowed reduction 
in SA can restore wt-like phenotypes in ssi2 eds1 plants, triple mutant ssi2 eds1 sag101 
were created. Although the ssi2 eds1 sag101 plants accumulated significantly lower 
levels of SA (Figures 5.8E and 5.8F), these plants were only slightly bigger than ssi2 
eds1 or ssi2 sid2, showed spontaneous cell death (Figures 5.8A and 5.8B) and expressed 
PR-1 and R genes constitutively (Figures 5.8C and 5.8D). To determine if sag101 
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mutation can have an affect similar to that of eds1, ssi2 sag101 sid2 plants were 
generated.  As expected, ssi2 sag101 sid2 plants accumulated basal levels of SA and 
SAG (Figures 5.8E and 5.8F). However, these plants were morphologically similar to 
ssi2 or ssi2 sag101 plants, showed spontaneous cell death and expressed PR-1 and R 
genes constitutively (Figures 5.8A-5.8D). Together, these data indicated that SAG101 
was not involved in 18:1-mediated signaling. 
 
Besides SAG101 and EDS1, SA signaling pathway is also regulated by PAD4 and EDS5 
and via physical association between EDS1 and PAD4 (Jirage et al., 1999; Feys et al., 
2001; Nawrath et al., 2002). To determine if 18:1-mediated signaling recruits PAD4 
and/or EDS5, ssi2 pad4 sid2 and ssi2 eds5 sid2 plants were generated. The ssi2 pad4 sid2 
and ssi2 eds5 sid2 plants showed bigger morphology than ssi2 pad4 or ssi2 eds5 plants 
but both of these genotypes showed microscopic cell death (Figures 5.9A and 5.9B). As 
expected, both ssi2 pad4 sid2 and ssi2 eds5 sid2 plants expressed basal level of PR-1 
gene (Figure 5.9C). Unlike ssi2 eds1 sid2 plants, both ssi2 pad4 sid2 and ssi2 eds5 sid2 
plants expressed R genes constitutively (Figure 5.9D). These results suggest that 18:1-
regulated signaling leading to constitutive expression of R genes does not recruit EDS5 or 
PAD4. 
 
The JA insensitivity phenotype of ssi2 plants is associated with reduced 18:1 levels  
A mutation in ssi2 also impairs JA responsiveness (Kachroo et al., 2001, Kachroo et al., 
2003b). Since ssi2 eds1 sid2 plants are restored in their ssi2-triggered constitutive 
expression of R genes, these were next evaluated for their JA responsiveness. The ssi2 
eds1 sid2 plants remained insensitive to JA and were unable to induce expression of the 
marker gene, PDF1.2 (Figure 5.10).  This is in contrast to ssi2 act1 and ssi2 gly1 plants, 
which are restored in both R gene expression as well as JA responsiveness (Kachroo et 
al., 2003; Chapter3; Chandra-Shekara et al., 2007). FA analysis showed that unlike ssi2 
act1 and ssi2 gly1 plants, ssi2 eds1 sid2 accumulated ssi2-like 18:1 levels (Chapter 3; 
Tables 5.1). This suggests that 18:1-mediated regulation of R genes was independent of 
the role that 18:1 plays in responsiveness to JA. Consistent with this observation, the ssi2 
pad4 sid2 accumulated ssi2-like levels of 18:1 and showed insensitivity to JA (Figure 
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5.10). However, even though ssi2 eds5 sid2 plants had low 18:1 levels, these showed 
constitutive expression of PDF1.2. Increased transcript levels of PDF1.2 in ssi2 eds5 
sid2 suggests that constitutive induction of JA pathway in these plants was independent 
of 18:1 levels or the ssi2 background and is consistent with the proposed function of 
EDS5 as a negative regulator of JA pathway (Ferrari et al. 2003).  
 
Functional redundancy between EDS1 and SA pathways governs host-pathogen 
interaction 
To determine if the functional redundancy between EDS1- and SA-mediated signaling 
played a role in defense to pathogens, the eds1 sid2 plants were evaluated for their 
response to avirulent bacterial pathogen. The wt Col-0 and Ws-0 leaves, containing the R 
gene RPS4, showed distinct and localized HR-like cell death when inoculated with 
105CFU/mL of P. syringe containing AvrRps4 (Figure 5.11B). In comparison, the cell 
death was random and spread throughout the inoculated leaves in sid2 plants and present 
as dense pockets on eds1 leaves. At 3 dpi, only eds1 leaves showed visible chlorotic 
symptoms (Figure 5.11A) and accumulated highest titer of the bacteria (Figure 5.11C). 
Notably, eds1 sid2 plants showed extensive chlorosis covering almost the entire leaf. 
Microscopic examination of eds1 sid2 leaves showed increased size and number of cell 
death lesions (Figure 5.11B). Although the eds1 sid2 plants showed increased disease 
symptoms, the growth of the bacteria in these plants was similar to that observed in eds1 
plants (Figure 5.11C).  
 
To determine if the redundant nature of EDS1- and SA-derived signaling had an affect on 
pathogen resistance, response of H. pernospora biotype Emco5 was evaluated in the 
RPP8 background, which does not require either SA or EDS1 to confer resistance (Aarts 
et al., 1998; McDowell et al., 2000). The Ler ecotype containing RPP8 did not support 
growth of Emco5 and the inoculated leaves showed localized HR (Figures 5.12A-5.12C).  
In comparison, the inoculated eds1-2 (Ler ecotype) leaves showed trailing HR but like 
Ler did not support the growth of the pathogen, consistent with previously published 
results (Aarts et al., 1998). The HR on Ler nahG was similar that seen on Ler leaves. 
Also, similar to Ler and eds1-2 genotypes, Ler nahG plants did not support growth or 
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sporulation of Emco5 (Figures 5.12A-5.12C). In contrast to these genotypes, eds1-2 
nahG plants not only showed extensive trailing necrosis but also supported growth and 
sporulation of the pathogen (Figures 5.12A and 5.12C). However, the infection 
percentage and number of sporangiophores formed on eds1-2 nahG plants were lower 
compared to Nö nahG, which show hypersusceptibility to Emco5 isolate (Figure 5.12D). 
Taken together, these results show that RPP8-mediated resistance recruits either EDS1 or 
SA for downstream signaling. 
 
Discussion  
The pathogen-induced accumulation of SA is known to require several defense 
components, including SID2, EDS1, EDS5, PAD4 and SAG101, which also participate in 
R gene-mediated resistance signaling (Kachroo and Kachroo, 2006; Glazebrook, 1999; 
Martin, 1999; McDowell and Dangl, 2000).  Genetic and molecular data suggest that 
SID2, EDS1, EDS5, PAD4 and SAG101 are required subsequent to direct or indirect 
interaction between R and Avr proteins, a step leading to initiation of resistance 
signaling. Resistance response is often associated with increased accumulation of SA, 
which in turn feedback regulates expression of genes required for its accumulation or 
synthesis (Dong, 2004; Kachroo and Kachroo, 2006; Shah, 2003). The results presented 
in this chapter show that, contrary to the conventional belief, SA and EDS1 also act 
upstream of R-Avr interaction and that presence of either of these components is 
sufficient for activation of resistant signaling. Several observations support a redundant 
role for EDS1 and SA in plant defense. First, ssi2-triggered constitutive expression of R 
genes can be restored to basal levels in ssi2 eds1 sid2 triple mutant plants but not in ssi2 
eds1 or ssi2 sid2 single mutant backgrounds. Second, exogenous application of SA 
restores constitutive R gene expression in ssi2 eds1 sid2 plants. Third, exogenous 
application of glycerol induces constitutive expression of R genes in eds1 or sid2 single 
mutant backgrounds but not in eds1 sid2 double mutant plants. Fourth, the eds1 sid2 
double mutant background enhances symptom severity to an avirulent bacterial pathogen 
and confers susceptibility to an oomycete pathogen.  
 
Earlier results have shown that ssi2-triggered signaling confers resistance in an R gene-
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specific manner (Chandra-Shekara et al., 2007). However, the results presented here 
show that a reduction in 18:1 levels can also confer partial resistance to avirulent 
bacterial pathogens, in absence of functional R genes or their downstream component, 
RAR1. Since a reduction in 18:1 can trigger SA accumulation (Chapter 3 and 4), it is 
possible that increased levels of SA confer enhanced resistance in rar1 background. 
However, this possibility can be ruled out because rar1 sid2 plants also showed enhanced 
resistance to avirulent bacterial pathogens. An alternate possibility is that the increased 
expression of R genes in rar1 sid2 background either overrides a requirement for RAR1 
for R protein stability (Figure 5.2; Boyes et al., 1998; Axtell and Staskawicz, 2003; Holt 
et al., 2005) or that the overexpression of multiple R genes in the rar1 background 
confers resistance in an non-specific manner.  
 
Interestingly, 18:1-regulated expression of R genes does not distinguish between R genes 
based upon the structure of the encoded protein and up-regulates transcription of R gene 
encoding either CC- or TIR-domain carrying proteins. This is contrary to a requirement 
for EDS1 by a majority of TIR-NBS-LRR R proteins (Aarts et al., 1998) and the inability 
of SA to induce several R genes (Shirano et al., 2002). Since overexpression of R genes 
can initiate defense signaling in absence of the pathogen, it is possible that the 
constitutive defense phenotypes in ssi2 plants are due to increased expression of R genes. 
Since all ssi2 suppressors that result in wt-like phenotypes show basal level expression of 
R genes (Chandra-Shekara et al., 2007; Kachroo et al., 2003b; Chapter 3), these data 
suggest that the ssi2-associated phenotypes can be restored either by normalizing 18:1 
levels or by impairing a step(s) downstream of 18:1 or a step(s) downstream of R gene 
expression. 
 
Although the ssi2 eds1 sid2 plants showed basal level expression of R genes and wt 
morphology, these plants were impaired in their JA responsiveness. This is in contrast to 
act1- and gly1-mediated suppression of ssi2 phenotypes, which restores both SA and JA 
pathways (Kachroo et al., 2003b; Chapter 3). Unlike ssi2 act1 and ssi2 gly1, the ssi2 eds1 
sid2 plants contain reduced levels of 18:1, similar to ssi2. This suggests that increased 
expression of R genes are not responsible for impaired JA responsiveness of ssi2 plants 
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and that normal 18:1 levels are required to rescue their defect in JA pathway. Inability of 
ssi2 plants to induce PDF1.2 expression in response to pathogen (Nandi et al., 2005) 
suggests that 18:1-derived signaling also participates in pathogen induced JA responses. 
 
Even though glycerol treated eds1 sid2 plants showed basal level expression of R genes, 
these plants showed typical glycerol-triggered cell death phenotype.  This is in contrast to 
absence of cell death phenotype on ssi2 eds1 sid2 leaves. One possibility is that glycerol-
triggered cell death is not due to a reduction in 18:1 levels. However, glycerol- and ssi2-
triggered signaling pathways show significant overlap (Chapter 4). An alternative 
scenario is that, while EDS1 plays a major role in 18:1-regulated signaling, there are 
other minor players, which are capable of initiating a cell death response upon glycerol 
application. The improved morphological phenotypes seen in ssi2 pad4 sid2 and ssi2 
eds5 sid2 plants support this possibility.  
 
In conclusion, this study reveals that EDS1 and SA play a redundant role in the oleic 
acid-mediated pathway and in plant defense against pathogens. Further biochemical 
characterization of 18:1-dependent regulation of R genes should provide exciting insights 
into the role of 18:1 in plant defense. 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
Table 5.1. FA composition from leaf tissues of SSI2 (Col-0), eds1, eds5, pad4,  sid2, ssi2, ssi2 eds1, ssi2 eds5, ssi2 pad4, ssi2 sid2,  
              ssi2 eds1 sid2, ssi2 eds5 sid2 and ssi2 pad4 sid2 plants. All measurements were made on plants grown at 22°C and data  
              are described as mol% ± SD calculated for a sample size of six.  
 
Genotype 16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3 
SSI2 
 
16.8 ± 1.3 
 
4.8 ± 0.8 
 
0.6 ± 0.08 
 
15.3 ± 1.2 
 
0.9 ± 0.4 
 
2.6 ± 0.2 
 
15.3 ± 0.9 
 
43.1 ± 3.1 
 
eds1 
 
16.1 ± 0.7 
 
4.5 ± 0.1 
 
0.6 ± 0.3 
 
18.2 ± 1.7 
 
0.5 ± 0.3 
 
1.8 ± 0.2 
 
13.8 ± 1.3 
 
44.4 ± 1.3 
 
eds5 
 
14.05 ± 0.36  
 
4.29 ± 0.37  
 
1.17 ± 0.14  
 
16.39 ± 0.74  
 
0.60 ± 0.06  
 
2.39 ± 0.39  
 
14.72 ± 1.05  
 
46.39 ± 0.79  
 
P  pad4 
 
14.09 ± 0.88  4.09 ± 0.65  1.18 ± 0.22  15.91 ± 1.59  0.64 ± 0.11  2.27 ± 0.60  15.44 ± 2.29  46.38 ± 1.78  
sid2 
 
15.4 ± 0.3 
 
4.1 ± 0.4 
 
0.54 ± 0.1 
 
17.6 ± 1.6 
 
0.3 ± 0.02 
 
2.2 ± 0.7 
 
12.4 ± 1.2 
 
47.2 ± 0.6 
 
ssi2 
 
16.5 ± 1.5 
 
3.5 ± 0.5 
 
0.5 ± 0.2 
 
10.7 ± 0.2  
 
12.9 ± 1.4 
 
0.6 ± 0.1 
 
10.3 ± 0.9 
 
44.7 ± 1.2 
 
ssi2 eds1 
 
17.0 ± 2.3 
 
3.5 ± 0.4 
 
0.7 ± 0.08 
 
13.7± 1.2 
 
15.6 ± 1.4 
 
0.9 ± 0.2 
 
8.9 ± 0.3 
 
41.6 ± 3.3 
 
ssi2 eds5  
 
16.68 ± 2.31  
 
3.88 ± 0.96  
 
0.28 ± 0.04  
 
8.88 ± 1.86  
 
14.84 ± 2.59  
 
0.94 ± 0.20  
 
12.66 ± 0.65  
 
41.84 ± 5.00  
 
ssi2 pad4  
 
15.16 ± 0.48  
 
3.05 ± 0.72  
 
0.5 ± 0.1  
 
8.62 ± 0.70  
 
17.54 ± 2.36  
 
0.88 ± 0.08  
 
12.25 ± 0.73  
 
42.00 ± 3.95  
 
ssi2 sid2 
 
19.9 ± 2.7 
 
5.0 ± 0.2 
 
0.6 ± 0.06 
 
12.2 ± 0.6 
 
12.2 ± 0.6 
 
0.55 ± 0.1 
 
7.9 ± 0.8 
 
43.3 ± 3.1 
 
ssi2 eds1 sid2 
 
20.0 ± 1.4 
 
3.5 ± 0.3 
 
0.5 ± 0.08 
 
12.9 ± 0.9 
 
12.3 ± 2.8 
 
0.6 ± 0.1 
 
7.9 ± 0.9 
 
41.7 ± 3.2 
 
ssi2 eds5 sid2 18.33 ± 1.2 
 
4.1 ± 0.4 
 
0.5 ± 0.07 
 
14.72 ± 1.35 
 
10.1 ± 2.4 
 
0.5 ± 0.1 
 
6.6 ± 0.9 
 
45.04 ± 3.7 
 
ssi2 pad4 sid2 
 
20.8 ± 2.2 
 
5.5 ± 0.74 
 
15.14 ± 0.9 
 
15.14 ± 0.9 
 
11.34 ± 2.9 
 
0.5 ± 0.1 
 
6.2 ± 0.7 
 
39.39 ± 1.5 
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Table 5.2. FA composition from leaf tissues of SSI2 (wt Col-0), ssi2, ssi2 eds1, fad7, ssi2 fad7, ssi2 eds1 fad7, fad7 fad8, ssi2 fad7   
                 fad8 and ssi2 eds1 fad7 fad8 plants. All measurements were made on plants grown at 22°C and data are described as mol%    
                 ± SD calculated for a sample size of six. nd, not detected. 
 
Genotype 
 
16:0 
 
16:1 
 
16:2 
 
16:3 
 
18:0 
 
18:1 
 
18:2 
 
18:3 
 
SSI2 
 
17.8 ± 4.9 
 
4.1 ± 0.6 
 
0.6 ± 0.5 
 
16.7 ± 1.8 
 
0.6 ± 0.2 
 
2.6 ± 0.6 
 
13.7 ± 1.7 
 
43.5 ± 4.0 
 
ssi2  
 
14.6 ± 1.3 
 
3.8 ± 0.6 
 
0.4 ± 0.2 
 
10.2 ± 5.4 
 
14.5 ± 2.6 
 
0.8 ± 0.4 
 
15.0 ± 7.6 
 
40.5 ± 3.9 
 
ssi2 eds1 
 
18.2 ± 0.9 
 
3.3 ± 0.4 
 
0.54 ± 0.1 
 
12.2 ± 1.7 
 
15.8 ± 2.8 
 
0.8 ± 0.1 
 
9.7 ± 0.4 
 
39.5 ± 2.1 
 
fad7 
 
14.4 ± 2.0 
 
4.8 ± 1.3 
 
6.5 ±2.5 
 
4.3 ± 1.1  
 
0.7 ± 0.2 
 
3.2 ± 0.6 
 
34.5 ± 6.9 
 
31.0 ± 4.3 
 
ssi2 fad7 
 
12.7 ± 1.2 
 
3.2 ± 0.8 
 
9.8 ± 0.7 
 
4.1 ± 1.0 
 
16.3 ± 1.8 
 
1.9 ± 0.2 
 
19.8 ± 0.7 
 
31.9 ± 1.3 
 
ssi2 eds1 fad7 
 
12.4 ± 1.7 
 
4.2 ± 0.2 
 
7.0 ± 0.6 
 
6.7 ± 1.6 
 
16.0 ± 1.5 
 
1.8 ± 0.9 
 
17.9 ± 1.2 
 
31.7 ± 5.2 
 
fad7 fad8 
 
14.3 ± 2.8 
 
5.0 ± 0.4 
 
11.9 ± 6.3 
 
0.2 ± 0.5 
 
0.7 ± 0.1 
 
3.7 ± 0.8 
 
53.4 ± 3.0 
 
10.5 ± 1.1 
 
ssi2 fad7 fad8 
 
10.3 ± 0.8 
 
4.1 ± 0.2 
 
13.0 ± 0.9 
 
nd 
 
15.5 ± 1.7 
 
3.0 ± 0.2 
 
36.8 ± 3.5 
 
17.1 ± 2.7 
 
ssi2 eds1 fad7 
fad8 
10.0 ± 1.0 
 
4.7 ± 0.4 
 
17.5 ± 0.9 
 
nd 
 
11.2 ± 0.9 
 
2.1 ± 0.3 
 
43.9 ± 2.5 
 
10.3 ± 1.4 
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Figure 5.1. Oleic acid-modulated expression of R genes. (A) RT-PCR analysis of various 
R genes in wt (SSI2), ssi2 and ssi2 sid2 backgrounds. The level of β-tubulin was used as 
an internal control to normalize the amount of cDNA template. (B) RT-PCR analysis of 
various R genes in water and glycerol treated Col-0 (SSI2) and sid2 plants. The level of β-
tubulin was used as an internal control to normalize the amount of cDNA template. (C) 
RT-PCR analysis of various R genes in glycerol treated wt (Col-0), act1 and 35S-ACT1 
plants. The plants were treated with glycerol for 3 days and expression of R genes were 
analyzed at 0, 1, 2 and 3 day post treatment (DPT). The level of β-tubulin was used as an 
internal control to normalize the amount of cDNA template.  
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Figure 5.2. Characterization of oleic acid-mediated defense phenotypes in the rar1 
background. (A) Oleic acid content in wt (Ler) and rar1 plants. The plants were treated 
with water or glycerol for 3 days and fatty acid content were estimated. The 18:1 content 
is expressed as mol %. The error bars indicate SD, n=6. (B) Expression of PR-1 gene in 
wt (Ler) and rar1 plants. Total RNA was extracted from water or glycerol treated plants 
and used for RNA gel-blot analysis. Ethidium bromide staining of rRNA was used as 
loading control. (C) Cell death phenotypes of water or glycerol-treated wt (Ler) and rar1 
plants. The plants were treated with water or glycerol for 3 days and stained with trypan 
blue to visualize cell death. (D) RT-PCR analysis of various R genes in water or glycerol-
treated wt (Ler) and rar1 plants. The level of β-tubulin was used as an internal control to 
normalize the amount of cDNA template. (E) Comparison of the morphological 
phenotypes displayed by 3-week-old soil-grown wt (SSI2), ssi2, ssi2 rar1, ssi2 sid2 and  
ssi2 rar1 sid2 plants. (F) Microscopy of trypan blue-stained leaves from wt (SSI2), ssi2, 
ssi2 rar1, ssi2 sid2 and ssi2 rar1 sid2 plants. (G) Expression of PR-1 gene in wt (SSI2), 
rar1, ssi2, ssi2 rar1, ssi2 sid2 and ssi2 rar1 sid2 plants. Total RNA was extracted from 3-
week-old plants and used for RNA gel-blot analysis. Ethidium bromide staining of rRNA 
was used as loading control. (H) RT-PCR analysis of various R genes in wt (SSI2), rar1, 
sid2, ssi2, ssi2 rar1, ssi2 sid2 and ssi2 rar1 sid2 backgrounds. The level of β-tubulin was 
used as an internal control to normalize the amount of cDNA template. 
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Figure 5.3. Oleic acid content and response to avirulent pathogens in glycerol treated 
Col-0, rar1-21, rps2-101c and rpm1-3 plants. (A) Oleic acid content in Col-0, rar1-21, 
rpm1-3 and rps2-101C plants. The plants were treated with water or glycerol for 3 days 
and fatty acid content were estimated. The 18:1 content is expressed as mol %. The error 
bars indicate SD, n=6. (B) Growth of P. syringae DC3000 containing AvrRpt2 on water- 
[W] or glycerol- [G] treated wt Col-0 (RPS2), rar1-21 and rps2-101C leaves. Three leaf 
discs were harvested from infected leaves and the bacterial numbers were tittered. The 
error bars indicate SD. (C) Growth of P. syringae DC3000 containing AvrRpm1 on 
water- [W] or glycerol- [G] treated wt Col-0 (RPM1), rar1-21 and rpm1-3 leaves. Three 
leaf discs were harvested from infected leaves and the bacterial numbers were tittered. 
The error bars indicate SD.  
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Figure 5.4. Morphological, molecular and defense phenotypes of ssi2 eds1 sid2 plants. 
(A) Comparison of the morphological phenotypes displayed by 3-week-old soil-grown wt 
(SSI2), sid2, ssi2, ssi2 eds1, ssi2 sid2 and ssi2 eds1 sid2 plants. (B) Expression of PR-1 
and PR-2 genes in wt (SSI2), eds1, sid2,  ssi2, ssi2 eds1, ssi2 sid2  and ssi2 eds1 sid2 
plants. Total RNA was extracted from 3-week-old plants and used for RNA gel-blot 
analysis. Ethidium bromide staining of rRNA was used as loading control. (C) 
Microscopy of trypan blue-stained leaves from wt (SSI2), ssi2, ssi2 eds1, ssi2 sid2  and 
ssi2 eds1 sid2 plants. (D) RT-PCR analysis of various R genes in wt (SSI2), ssi2, ssi2 
eds1, ssi2 sid2  and ssi2 eds1 sid2 backgrounds. The level of β-tubulin was used as an 
internal control to normalize the amount of cDNA template. (E) Visual cell death 
phenotypes of water or BTH treated wt (SSI2) and ssi2 eds1 sid2 plants. The plants were 
treated with water or BTH for 2 days and photographed. (F) Microscopy of trypan blue-
stained leaves from water or BTH treated wt (SSI2), sid2, eds1 and ssi2 eds1 sid2 plants. 
The plants were treated with water or BTH for 2 days and stained for cell death.  
(G) RT-PCR analysis of various R genes in water- or BTH-treated wt (SSI2), ssi2 sid2 
and ssi2 eds1 sid2 plants. The level of β-tubulin was used as an internal control to 
normalize the amount of cDNA template. (H) RT-PCR analysis of various R genes in 
water- or glycerol-treated wt (SSI2), eds1, sid2, eds1 sid2 and ssi2 eds1 sid2 plants. The 
plants were treated with water or glycerol for three days and analyzed for 18:1 levels and 
R gene expression. The level of β-tubulin was used as an internal control to normalize the 
amount of cDNA template. The 18:1 content of each genotype is shown as mol% ± SD.  
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Figure 5.5. Total lipid content and lipid profile in SSI2, ssi2, ssi2 eds1, ssi2 eds1 sid2 and 
ssi2 act1 plants. (A) Comparison of total lipid content in wt (SSI2), ssi2, ssi2 eds1, ssi2 
eds1 sid2 and ssi2 act1 plants. The values are presented as the mean of five replicates.  
Error bars represent SD. (B) Profile of total lipids extracted from Col-0, eds1, ssi2, ssi2 
eds1, ssi2 eds1 sid2 and ssi2 act1 plants. The values are presented as the mean of five 
replicates.  Error bars represent SD.  
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Figure 5.6. Morphological and molecular phenotypes, expression of R genes and SA 
levels in ssi2 eds1 fad7 and ssi2 eds1 fad7 fad8 plants. (A) Comparison of the 
morphological phenotypes displayed by 3-week-old soil-grown wt (SSI2), ssi2, ssi2 eds1, 
ssi2 fad7, ssi2 fad7 fad8, ssi2 eds1 fad7 and ssi2 eds1 fad7 fad8 plants. (B) Microscopy 
of trypan blue-stained leaves from wt (SSI2), ssi2, ssi2 eds1, ssi2 fad7, ssi2 fad7 fad8, 
ssi2 eds1 fad7 and ssi2 eds1 fad7 fad8 plants. (C) Expression of PR-1 and PR-2 genes in 
wt (SSI2), eds1, fad7, fad7 fad8, ssi2, ssi2 eds1, ssi2 fad7, ssi2 fad7 fad8, ssi2 eds1 fad7 
and ssi2 eds1 fad7 fad8 plants. Total RNA was extracted from 3-week-old plants and 
used for RNA gel-blot analysis. Ethidium bromide staining of rRNA was used as loading 
control. (D) Endogenous SA and SAG levels in the leaves of 4-week-old soil-grown wt 
(SSI2), ssi2, eds1, fad7 fad8, ssi2 fad7, ssi2 fad7 fad8, ssi2 eds1 fad7 and ssi2 eds1 fad7 
fad8 plants. Values are presented as mean of three replicates and the error bars represent 
SD. (E) RT-PCR analysis of various R genes in wt (SSI2), ssi2, ssi2 fad7, ssi2 fad7 fad8, 
ssi2 eds1, ssi2 eds1 fad7 and ssi2 eds1 fad7 fad8 plants. The level of β-tubulin was used 
as an internal control to normalize the amount of cDNA template.  
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Figure 5.7. Morphological phenotypes, cell death and SA levels in various genotypes 
impaired in the SA pathway. (A) Comparison of the morphological phenotypes displayed 
by 3-week-old soil-grown wt (Col-0), ssi2, ssi2 eds1, ssi2 pad4, ssi2 eds5, ssi2 eds1 
pad4, ssi2 eds1 eds5 and ssi2 eds5 pad4 plants. (B) Microscopy of trypan blue-stained 
leaves from wt (Col-0), ssi2, ssi2 eds1 pad4, ssi2 eds1 eds5 and ssi2 eds5 pad4 plants. (C 
& D) Endogenous SA (C) and SAG (D) levels in the leaves of 4-week-old soil-grown wt 
(Col-0), ssi2, eds5, ssi2 sid2, ssi2 eds1 eds5, ssi2 eds1 pad4 and ssi2 eds5 pad4 plants. 
Values are presented as mean of three replicates and the error bars represent SD.  
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Figure 5.8. Morphological and molecular phenotypes, expression of R genes and SA 
levels in double and triple mutants in the sag101 background. (A) Comparison of the 
morphological phenotypes displayed by 3-week-old soil-grown wt (SSI2), sag101, ssi2, 
ssi2 sag101, ssi2 sid2, ssi2 sag101 sid2, ssi2 eds1 and ssi2 sag101 eds1 plants. (B) 
Microscopy of trypan blue-stained leaves from wt (SSI2), sag101, ssi2, ssi2 sag101,  ssi2 
sag101 sid2 and ssi2 sag101 eds1. (C) Expression of PR-1 gene in wt (SSI2), sag101,  
eds1, sid2, ssi2, ssi2 sag101, ssi2 eds1, ssi2 sid2, ssi2 sag101 eds1 and ssi2 sag101 sid2 
plants. Total RNA was extracted from 3-week-old plants and used for RNA gel-blot 
analysis. Ethidium bromide staining of rRNA was used as loading control. (D) RT-PCR 
analysis of various R genes in wt (SSI2), sag101,  eds1, sid2, ssi2, ssi2 sag101, ssi2 eds1, 
ssi2 sid2, ssi2 sag101 eds1 and ssi2 sag101 sid2 plants. The level of β-tubulin was used 
as an internal control to normalize the amount of cDNA template. Endogenous SA (E) 
and SAG (F) levels in the leaves of 4-week-old soil-grown wt (SSI2), sag101, ssi2, ssi2 
sag101, ssi2 sid2, ssi2 sag101 eds1 and ssi2 sag101 sid2 plants. Values are presented as 
mean of three replicates and the error bars represent SD.  
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Figure 5.9. Morphological, molecular and defense phenotypes of ssi2 pad4 sid2 and ssi2 
eds5 sid2 plants. (A) Comparison of the morphological phenotypes displayed by 3-week-
old soil-grown wt (SSI2), ssi2, ssi2 sid2, ssi2 pad4, ssi2eds5, ssi2 pad4 sid2  and ssi2 
eds5 sid2 plants. (B) Microscopy of trypan blue-stained leaves shown in A. (C) 
Expression of PR-1 and PR-2 genes in wt (SSI2), pad4, eds5, sid2, ssi2, ssi2 pad4, 
ssi2eds5, ssi2 sid2, ssi2 pad4 sid2  and ssi2 eds5 sid2 plants. Total RNA was extracted 
from 3-week-old plants and used for RNA gel-blot analysis. Ethidium bromide staining 
of rRNA was used as loading control. (D) RT-PCR analysis of various R genes in wt 
(SSI2), pad4, eds5, sid2, ssi2, ssi2 pad4, ssi2eds5, ssi2 sid2, ssi2 pad4 sid2  and ssi2 eds5 
sid2 plants. The level of β-tubulin was used as an internal control to normalize the 
amount of cDNA template.  
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Figure 5.10. JA responsiveness in various double and triple mutant plants. Expression of 
PDF1.2 in water or 50 µM JA treated plants. Samples were harvested 48h post treatment 
and used for RNA gel-blot analysis performed on 7 µg of total RNA. Ethidium bromide 
staining of rRNA was used as loading control.  
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Figure 5.11. Morphology, cell death and bacterial growth in eds1 sid2 plants. (A) 
Chlorotic symptoms in AvrRps4 infected plants indicated at the bottom. The plants were 
infiltrated with 105 CFU/mL and photographed at 3dpi. (B) Microscopy of trypan blue-
stained leaves of MgCl2 or avrRps4 infiltrated genotypes. The plants were infiltrated with 
105 CFU/mL and stained for cell death at 3dpi. (C) The growth of bacteria containing 
AvrRps4. Four-week-old plants were infiltrated with 105 CFU/mL and the number of 
bacteria plotted on log scale. The error bars represent SD.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 95    
 
 
Ler eds1-2 Ler nahG eds1-2 nahG
%
 c
ot
yle
do
n 
in
fe
ct
io
n
>80
60-80
40-60
20-40
<20
0
20
40
60
80
100
Nö
 na
hG
eds
1-2
 na
hG
97      96
Ler eds1-2 eds1-2 nahG
A Nö nahG
90 0 0 0 50
B
D
Ler nahG
Ler eds1-2 Ler nahG eds1-2 nahGNö nahG
C
 
 
Figure 5.12. Growth of H. parasitica biotype Emco5 on eds1-2 nahG plants. (A) 
Sporulation of Emco5 on the cotyledons of indicated genotypes. All the genotypes were 
in Ler background except Nö nahG, which was used as a susceptible control. The 
numbers indicate percent sporulation on respective genotypes. (B) Trypan blue stained 
leaf showing microscopic HR on Ler and Ler nahG, and trailing necrosis on eds1-2 and 
eds1-2 nahG plants. (C) Growth of Emco5 in the indicated genotypes.The conidiophores 
bearing conidiospores are seen only in Nö nahG and eds1-2 nahG cotyledons. (D) The 
percent infection in Nö nahG and eds1-2 nahG cotyledons. The shade of each box 
indicates the severity of infection,which is based on number of sporangiospores per 
cotyledon (see key at right). Numbers on top indicate number of cotyledons assayed. 
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CHAPTER 6 
 
THE ROLE OF GLYCEROL METABOLISM IN Arabidopsis-Colletotrichum 
higginsianum INTERACTION ϕ 
 
It has been suggested that glycerol is a primary transferred carbon metabolite during 
intercellular growth of Colletotrichum gloesporioides in its host, round leaved mallow 
(Malva pusilla) (Wei et al., 2004). This, together with the observation that glycerol 
metabolism participates in host defense (Chapter 3; Chapter 4; Chandra-Shekara et al., 
2007; Kachroo et al., 2008), suggested a role for glycerol metabolism in both host defense 
and pathogenesis. The hemibiotrophic fungus Colletotrichum higginsianum is pathogenic 
to Arabidopsis thaliana (O’Connell et al., 2004; Narusaka et al., 2004). Hemibiotrophs, like 
true biotrophs, establish an intimate intracellular contact with their host cells during the 
initial phases of infection. The defining characteristic of necrotrophic pathogens is that they 
kill host tissues in advance of, or concurrent with, colonization, and feed on the dead cells 
(Schulz-Lafert and Panstruga, 2003; Williams, 1979; Yoder and Turgeon, 2001). To assess  
the role of glycerol metabolism in host-pathogen interaction, Arabidopsis-C. higginsianum 
was used as a pathosystem and response of mutants impaired in glycerol metabolism was 
evaluated. 
  
Mutants impaired in G3P synthesis show enhanced susceptibility and increased 
G3P levels show enhanced resistance to C. higginsianum 
The gly1 and gli1 plants, which are impaired in glycerol metabolism, showed more 
necrotic lesions compared to the wt Col-0 plants; ~ 20% of Col-0 leaves showed 100% 
necrosis while 75% and 35% of the gly1 and gli1 leaves, respectively, showed 100% 
necrosis (Figure 6.1A and 6.B). Increased susceptibility of gly1 plants was further 
confirmed by spot-inoculation method; the gly1 plants showed bigger lesion than gli1 
leaves (Figure 6.1C). Increased susceptibility of gly1 and the fact that gli1 plants 
                                                
ϕ The results from first four sections of this chapter are accepted for publication: 
Chanda B, Venugopal SC, Kulshrestha S, Navarre DA, Downie B, Vaillancourt L, 
Kachroo A, and Kachroo P (2008) Glycerol-3-phosphate levels are associated with 
basal resistance to the hemibiotrophic fungus Colletotrichum higginsianum in 
Arabidopsis. Plant Physiol, 147:1-13 (In press). 
www.plantphysiol.org, “Copyright American Society of Plant Physiologists” 
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accumulate more glycerol than the gly1 plants (Chanda et al., 2008), suggests that 
glycerol may not be a preferred carbon metabolite transferred from the host to the 
pathogen.  
 
Inoculation of C. higginsianum results in a reduction in host glycerol content and a 
concomitant increase in G3P levels (Chanda et al., 2008).  To determine if an increase in 
G3P levels affects the ACT1-mediated acylation step, 18:1 levels were monitored in 
water- and pathogen-inoculated wt plants. The 18:1 levels reduced significantly at 12 hpi 
and remained low till 48 hpi (Figure 6.1D). The act1 plants, impaired in utilization of 
G3P, did not show a decrease in the 18:1 levels. This result suggested that the pathogen-
mediated increase in host G3P impacted the ACT1 catalyzed reaction. However, a 
decrease in 18:1 in C. higginsianum inoculated leaves was less drastic as compared to the 
glycerol-treated leaves (see Chapter 3). This could be either because most of the host 
G3P was channeled into extraplastidal compartments or that the pathogen inoculation 
induced less G3P compared to glycerol application. 
 
To further test the possibility that the observed increase in G3P was important for basal 
resistance of Arabidopsis to C. higginsianum, the response of act1 plants to pathogen 
inoculations was evaluated. Since act1 plants accumulate 18:1, they would also be 
expected to accumulate G3P. The act1 plants were more resistant to C. higginsianum 
than wt plants (Figures 6.1A-6.1C). In contrast, gly1 leaves, with lower basal levels of 
G3P (Chanda et al., 2008), supported the establishment of  ~two-fold more primary 
infection hyphae than wt leaves (Chanda et al., 2008). Increased symptoms on gly1 plants 
were further correlated with increased fungal growth by evaluating the β-tubulin 
transcript levels (Figure 6.1E). cDNA prepared from the wt, gly1 and act1 plants were 
normalized for fungal β-tubulin transcript and then assessed for the host β-tubulin 
transcript levels. In comparison to wt, much less, or an excess of, host total RNA from 
gly1 and act1 plants, respectively, was required to detect the same transcript levels of the 
fungal β-tubulin. These data suggested that the appearance of symptoms was correlated 
with fungal growth. 
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To test whether the observed effect was due to some other function of ACT1, 
independent of G3P levels, act1 gly1 double-mutant plants were generated and inoculated 
them with C. higginsianum.  Since the G3P utilized by the ACT1-catalyzed reaction is 
derived via GLY1  (Miquel et al., 1998; Chapter 3), G3P levels in act1 gly1 plants should 
be similar to those in gly1 plants. Like gly1 plants, the act1 gly1 plants were more 
susceptible to C. higginsianum than wt plants (Figures 6.1A-6.1C). 
 
To address the question of whether the relative changes in G3P levels in act1 and gly1 
plants were a result versus a cause of the final disease outcome, a pharmacological 
approach was used. In comparison to water treatment, exogenous application of G3P in 
wt plants resulted in enhanced resistance to C. higginsianum (Figure 6.2A). Since 
exogenous application of glycerol also increases endogenous G3P levels (Aubert et al., 
1994), pathogen response in water-and glycerol-treated plants was evaluated. Similar to 
G3P, exogenous application of glycerol also resulted in enhanced resistance in both wt 
and gly1 plants (Figure 6.2B). In contrast, gli1 plants, which are unable to convert 
glycerol to G3P (Eastmond, 2004; Kang et al., 2003), did not show enhanced resistance 
as a result of glycerol treatment.  These results confirm that increased G3P confers 
enhanced resistance.  
 
Overexpression of GLY1 confers enhanced resistance to C. higginsianum 
As a further test of the hypothesis that increased G3P levels enhance resistance to C. 
higginsianum, plants overexpressing GLY1 in wt (Col-0 ecotype) plants were analyzed. 
Transgenic plants overexpressing GLY1 were morphologically similar to wt plants and 
different lines showed low, moderate or high expression levels of the transgene (Figure 
6.3A). Pathogen inoculations showed that the T2 plants overexpressing high levels of 
GLY1 were resistant but lines expressing low or moderate levels were as susceptible as wt 
(Figure 6.3B). Spot-inoculation of leaves of the 35S-GLY1 plants expressing high levels 
of GLY1 transcript resulted in smaller lesions, in comparison with inoculated wt plants 
(Figures 6.3C). Fungal mycelia did not proliferate beyond the site of inoculation on 35S-
GLY1 plants, whereas wt plants supported extensive colonization that continued to spread 
beyond the initial inoculation site (Figure 6.3D).  
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To test whether overexpression of GLY1 would enhance resistance in the absence of 
GLI1 function, the gli1 mutation was mobilized into the 35S-GLY1 background, and gli1 
35S-GLY1 plants were analyzed for their response to C. higginsianum. The gli1 35S-
GLY1 plants were significantly more resistant than the gli1 plants but more susceptible 
than 35S-GLY1 (Figures 6.3B and 6.3C). This suggests that the GLY1- and GLI1-
catalyzed reactions have additive effects, but that GLY1 is the more important player. 
Based on all of the evidence together, it was concluded that accumulation of G3P, or of a 
G3P-derived metabolite, has an important role in basal resistance to C. higginsianum in 
Arabidopsis. 
 
Increased levels of G3P confer resistance to C. higginsianum in a camalexin-
deficient background 
The camalexin-deficient mutant pad3 shows enhanced susceptibility to C. higginsianum 
(Narusaka et al., 2004). Inoculation of pad3 plants with C. higginsianum resulted in much 
larger lesions compared with those expressed by wt plants (Figures 6.4A and 6.4B).  To 
determine if G3P-associated resistance in act1 and 35S-GLY1 plants can overcome the 
requirement of camalexin, act1 and 35S-GLY1 were mobilized into pad3 background and 
studied for their responses to C. higginsianum. Spot-inoculation of act1 pad3 and 35S-
GLY1 pad3 leaves showed lesion size similar to that of wt leaves (Figures 6.4A and 6.4B). 
Thus, the act1 mutation and overexpression of GLY1 was able to compensate for the pad3 
mutation and a deficiency in camalexin. However, act1 pad3 and 35S-GLY1 pad3 plants 
were more susceptible than act1 or 35S-GLY1 plants, suggesting that the compensatory 
effect mediated by the act1and 35S-GLY1 was partial. Next, camalexin levels were 
measured, to determine whether act1-mediated enhancement of resistance in pad3 
background was associated with an increase in camalexin levels (Figure 6.4C). The 
camalexin levels increased >5-fold in pathogen-inoculated wt plants, ~7-fold in act1 plants, 
~2-fold in pad3 plants and only marginally in act1 pad3 plants. These data confirm that 
act1-conferred enhanced resistance in the pad3 background was not associated with an 
increase in camalexin levels.  
 
 
 
 100    
The roles of SA-, JA- and ethylene-mediated signaling in basal resistance to  
C. higginsianum 
To determine if the G3P-mediated basal resistance was dependent on or overlapped with 
SA-, JA- or ethylene-mediated defense pathways, the roles of these pathways were 
evaluated during defense to C. higginsianum. A wt-like response to the pathogen in jar1 
and coi1 mutants, which are defective in the perception of JA, suggested that JAR1- and 
COI1-mediated JA-signaling pathways were not required for basal resistance to C. 
higginsianum (Figures 6.5A and 6.5B). Interestingly, while the jar1 mutation 
significantly lowered pathogen-induced increase in JA, the coi1 mutation had no 
significant effect on JA levels (Figure 6.5C). Since trienoic acid serves as a precursor for 
JA biosynthesis, FA mutants that are deficient in the levels of trienoic acids were next 
evaluated for their response to C. higginsianum (Table 4.2). Strikingly, fad7 plants 
showed pronounced susceptibility to C. higginsianum and also accumulated reduced 
levels of JA upon pathogen inoculation. The pathogen-induced increase in JA was 
significantly compromised in fad7 fad8 double mutant, which accumulate lower levels of 
trienoic acid than fad7 mutant (Table 4.2). However, unlike fad7, the fad 7 fad8 plants 
showed wt-like pathogen response (Figures 6.5A and 6.5B). Together, these data 
suggested that levels of trienoic acid or that of JA were not important for basal resistance 
to C. higginsianum. 
 
In contrast to jar1 and coi1 plants, a mutation in etr1, which impairs ethylene signaling, 
led to enhanced susceptibility to C. higginsianum (Figures 6.6A and 6.6B). Similar 
results were independently obtained by Liu et al., (2007).  
 
Mutations compromising the SA pathway also led to enhanced susceptibility to C. 
higginsianum. Among various mutants analyzed, mutations in eds1, npr1 and sid2 caused 
hypersusceptibility, mutations in pad4 had an moderate effect and mutation in eds5, ndr1, 
or sag101 had marginal or no significant effect on the basal resistance to C. higginsianum 
(Figures 6.7A and 6.7B). Conversely, exogenous application of SA conferred enhanced 
resistance in wt, eds1 and sid2 plants but had no effect on SA-insensitive mutant, npr1 
(Figures 6.7C and 6.7D). SA pretreatment also conferred resistance in pad3 and etr1 
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backgrounds, suggesting that induction of SA pathway prior to inoculation can overcome a 
requirement for camalexin and ethylene pathways (Figures 6.7E and 6.7F).  The etr1 and 
pad3 plants showed PR-1 gene expression similar to wt plants indicating the enhanced 
susceptibility in these plants was not due to a defect in the SA pathway (Figure 6.7G). To 
determine if different levels of susceptibility observed in various SA mutants were 
associated with the endogenous SA levels, both bound and free SA was quantified in 
pathogen inoculated plants. The pathogen inoculated wt, eds1, pad4, ndr1 and sag101 
plants showed a~3-5 fold increase in free SA. In comparison, pathogen inoculated sid2 and 
eds5 plants showed marginal increase in free SA (Figures 6.7H and 6.7I). Unlike wt, eds1, 
ndr1 and sag101, the sid2 and eds5 plants also showed a marginal or no increase in SAG 
levels. Together, these data indicated that the enhanced susceptibility of various SA-pathway 
mutants does not correlate with pathogen-induced SA levels.  
 
The G3P-mediated resistance to C. higginsianum is not dependent on SA or ethylene 
pathways 
To determine if the G3P-mediated basal resistance was dependent on the SA pathway, 
SA content and PR-1 gene expression was assessed in wt, gly1, act1 and gli1 plants. The 
wt Col-0 plants inoculated with C. higginsianum induced high levels of PR-1 gene 
expression (Figure 6.8A). The PR-1 gene expression correlated with accumulation of free 
and bound forms of SA; the inoculated leaves accumulated ~60-fold higher levels of SA 
and ~42-fold higher levels of SAG (SA glucoside) than mock-inoculated leaves (Figures 
6.8B and 6.8C). The inoculated leaves of all the genotypes showed similar induction of the 
PR-1 gene (Figure 6.8A), suggesting that C. higginsianum was capable of eliciting a normal 
SA-dependent defense response in gly1, gli1 and act1 plants, and that resistance of act1 
plants was not associated with increased accumulation of PR-1 transcript.  
 
In contrast to PR-1 transcript, the pathogen-induced free SA levels in gly1 and act1 plants 
correlated with their infection phenotypes; pathogen-induced SA levels in gly1 and act1 
plants were higher (~186 fold) and lower (~28-old), respectively, than the wt plants 
(Figure 6.8B). The pathogen-induced free SA levels in gli1 plants were similar to act1 
and did not correlate with their infection phenotype. However, in comparison to mock-
inoculated plants, pathogen induced SAG levels were highest in wt  (~42 fold), followed 
by gli1 and act1 (~30 fold) and gly1 (~26 fold) plants (Figure 6.8C). Together, these 
results suggest that the gly1 plants are able to accumulate high SA in response to C. 
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higginsianum, and that their enhanced susceptibility phenotype is not due to a defect in 
the SA pathway 
 
Since, a mutation in the ethylene defense signaling pathway also leads to enhanced 
susceptibility C. higginsianum (Figure 6.6), the relationship between pathogen-triggered 
accumulation of PDF1.2 and infection levels were evaluated in various genotypes. The 
inoculated leaves of wt, gly1, gli1 and act1 genotypes showed a similar induction of PDF1.2 
gene expression (Figure 6.8D). Since both ethylene and JA pathways are required for 
induction of PDF1.2 (Penninckx et al., 1998), this result suggests that gly1, gli1 and act1 
plants are not impaired in either ethylene or JA pathways. Together, these results suggest 
that increased susceptibility of gly1 and gli1 plants is not due to impaired ethylene or JA 
pathways. 
 
A mutation in ssi2 confers enhanced resistance to C. higginsianum in an SA-
independent manner  
Since G3P levels modulate 18:1 content, the effect of a low 18:1 background was studied 
on basal resistance to C. higginsianum. As predicted, in comparison to the parent ecotype 
Nö, ssi2 plants showed enhanced resistance to C. higginsianum (Figures 6.9A and 6.9B). 
Strikingly, the Nö ecotype showed increased basal resistance compared to wt Col-0 
plants. Interestingly, mutations in the SA pathway, which cause increased susceptibility 
to C. higginsianum, did not have any effect on ssi2-conferred resistance; the lesion size in 
ssi2 eds1, ssi2 pad4, ssi2 eds5 and ssi2 sid2 plants was comparable to ssi2 plants (Figures 
6.9A and 6.9B). Similarly, the ssi2 mutation also conferred enhanced resistance in pad3 
background; spot- and spray-inoculated ssi2 pad3 showed fewer and smaller lesions 
compared to pad3 plants. However, the lesion size in ssi2 pad3 was bigger compared to 
ssi2 plants (Figures 6.9C and 6.9D), suggesting that the effect mediated by the ssi2 
mutation was partial.  
 
To test if ssi2-conferred resistance was due to increased G3P levels, basal and pathogen-
induced G3P was measured in ssi2 plants. The ssi2 plants accumulated ~ two-fold higher 
basal and ~1.5-fold higher pathogen-induced G3P, suggesting that enhanced resistance in 
these plants is likely due to increased accumulation of G3P (Figure 6.9E). 
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Since glycerol application can mimic ssi2 phenotypes, resistance to C. higginsianum was 
next assayed in water- or glycerol-treated plants. Indeed, glycerol-treated Col-0 plants 
showed reduced lesion size compared to water-treated plants (Figures 6.10A and 6.10B). 
Exogenous application of glycerol also conferred resistance in sid2, eds1, npr1, etr1 and 
pad3 backgrounds. This data further suggested that glycerol-induced resistance was 
independent of SA.  
 
Discussion  
The results described here suggest that host glycerol metabolism and the levels of G3P, 
or of a G3P-derived metabolite(s), are important for basal resistance to C. higginsianum. 
A mutation in the GLI1 encoded glycerol kinase or G3Pdh (GLY1) conferred enhanced 
susceptibility to C. higginsianum, and overexpression of G3Pdh increased resistance to 
the pathogen.  Resistance was correlated with the endogenous G3P levels in the host 
(Chanda et al., 2008 and this study).  
 
The Arabidopsis genome encodes a single GK, and multiple isoforms of G3Pdh. The 
relative contributions of these proteins in generating the Arabidopsis G3P pool probably 
differ in different cellular compartments and during various cellular processes. For 
example, even though GK is one of the key enzymes contributing to G3P biosynthesis, a 
mutation in GK (gli1) does not alter the plastidial 16:3 levels (Table 3.1). This suggests 
that, rather than being directed towards chloroplastic lipid biosynthesis, a majority of the 
G3P generated via GK remains in the cytosol. In comparison, a mutation in G3Pdh 
impairs chloroplastic lipid synthesis, resulting in the reduction of 16:3 levels (Miquel et 
al., 1998; Nandi et al., 2004). Hypersusceptible phenotype of gly1 plants suggests that 
GLY1 is the major player in generation of G3P relevant to basal resistance to C. 
higginsianum.  
 
GLY1 overexpressing plants and act1 plants were both resistant to C. higginsianum, in 
contrast with the wt, which was susceptible to the pathogen. This suggests that an ability 
to accumulate G3P upon inoculation is important for expression of high levels of 
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resistance. Since mutations in act1 and gly1 do not influence the resistance response to a 
non-fungal pathogen (Chandra-Shekara et al., 2007), G3P metabolism appears to play a 
specific role in the resistance response to C. higginsianum. G3P levels can affect several 
enzymatic processes involved in the synthesis of carbohydrates or amino acids (Aubert et 
al., 1994). For instance, high levels of G3P can act as a competitive inhibitor of glucose-
6-phosphate (Gl6P) isomerase and prevent generation of Gl6P. Gl6p serves as a starting 
material for the pentose phosphate pathway and as a substrate for Gl6P dehydrogenase, 
which is required for monomerization of NPR1, a key regulator of the SA signaling 
pathway (Dong, 2004). Thus, it is conceivable that G3P levels modulate one or more 
primary or secondary metabolic pathways, which in turn are associated with plant 
defense signaling that occurs specifically in response to C. higginsianum infection.   
Increased catalysis by ACT1 also results in a concomitant decrease in 18:1 levels, which 
in turn can induce a novel broad-spectrum resistance-conferring pathway in Arabidopsis 
(Chapter 3; Chapter 4; Chandra-Shekara et al., 2007). However, act1 mutant plants are 
unable to reduce 18:1 levels in response to glycerol application (Chapter 3; Chapter 4; 
Kachroo et al., 2008; Chandra-Shekara et al., 2007). Therefore, increased resistance to C. 
higginsianum in act1 plants is probably not derived from the 18:1-mediated defense 
pathway, but is likely to be associated with increases in the levels of G3P itself.   Also, 
since both gly1 and act1 plants are affected in biosynthesis of plastidial lipids (Kunst et 
al., 1988; Miquel et al., 1998; Kachroo et al., 2003; Chapter 3), the act1 conferred 
enhanced resistance to C. higginsianum may not involve plastidial lipid biosynthesis. 
Similar to act1, increased resistance in ssi2 appears to be due to increased accumulation 
of G3P. 
 
Interestingly, ssi2 and glycerol conferred resistance was not dependent on SA, camalexin or 
ethylene pathways. These results suggest that G3P conferred resistance functions 
independent or downstream of SA, camalexin and ethylene pathways. Interestingly, a 
requirement for SA pathway for resistance to C. higginsianum did not correlate with levels 
of endogenous pathogen-induced SA. For example, sid2 and eds5 plants accumulated 
similar levels of free SA but only sid2 plants showed enhanced susceptibility to C. 
higginsianum (Figure 6.7H). This is also consistent with the observation that C. 
higginsianum-inoculated plants accumulated increased levels of JA even though impairment 
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of the JA pathway does not impact basal resistance to the pathogen. Basal resistance to C. 
higginsianum was also independent of trienoic fatty acids, which serve as a precursor for 
JA. However, these results could not account for increased susceptibility of fad7 versus a 
normal response in fad7 fad8 plants. Further work will be required to clarify role of FAD7 
in basal resistance to C. higginsianum. 
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Figure 6.1. Pathogen response, oleic acid levels and  RT-PCR analysis in C. 
higginsianum-inoculated Col-0, gly1, gli1, act1 and act1 gly1 plants. (A) Disease 
symptoms on Col-0, gly1, gli1, act1 and gly1 act1 plants spray-inoculated with water or 
C. higginsianum. (B) Percentage infection and symptom severity seen after  spray-
inoculation of C. higginsianum on Col-0, gly1, gli1, act1 and gly1 act1 leaves. The 
numbers on the bars indicate the percent infection and the shading indicates the 
percentage of  necrosis observed on 40-60 individual leaves (see key at right). (C) Lesion 
size in spot-inoculated genotypes. The plants were spot-inoculated with C. higginsianum 
and the lesion size was measured from 20-30 independent leaves at 6 dpi. Statistical 
significance was determined using students t-test. Asterisks indicate data statistically 
significant from that of control (Col-0) (P<0.05). Error bars indicate SD. (D) Oleic acid 
content in Col-0 and act1 plants spray-inoculated with C. higginsianum. The 18:1 content 
was estimated at the times indicated and error bars indicate SD.  (E) RT-PCR analysis 
showing levels of host (A. thaliana) β-tubulin in Col-0, gly1 and act1 plants inoculated 
with C. higginsianum. The levels of fungal β-tubulin was used as an internal control to 
normalize the amount of cDNA template.  
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Figure 6.2. Pathogen response in plants treated with G3P or glycerol. (A) Lesion size in 
spot-inoculated. Col-0 plants treated with water or G3P. The lesion size was measured 
from ~20 independent leaves at 9 dpi. Statistical significance was determined using 
students t-test. Asterisks indicate statistical significance between G3P and water treated 
plants (P<0.05). Error bars indicate SD. (B) Lesion size in spot-inoculated Col-0, gly1 or 
gli1 plants treated with water or glycerol. The lesion size was measured from 20-30 
independent leaves at 7 dpi. Statistical significance was determined using Students t-test. 
Asterisks indicate statistical significance between glycerol and water treated plants 
(P<0.05). Error bars indicate SD. 
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Figure 6.3. Analysis of transgenic lines overexpressing GLY1. (A) Expression of the 
G3Pdh (GLY1) gene in Col-0 or three independent T1 transgenic lines. The three 
transgenic lines shown here expressed highest levels of the GLY1 transgene. RNA gel 
blot analysis was performed on ~7 µg of total RNA. Ethidium bromide staining of rRNA 
was used as a loading control. (B) Disease symptoms in C. higginsianum-inoculated Col-
0, gly1, 35S-GLY1 and gli1 35S-GLY1 plants at 4 dpi. (C) Lesion size in spot-inoculated 
Col-0, gly1, 35S-GLY1 and gli1 35S-GLY1 plants . The plants were inoculated with 105 
spores/ml and the lesion size was measured from 20-30 independent leaves at 6 dpi. 
Statistical significance was determined using students t-test. Asterisks indicate data 
statistically significant from that of control (Col-0) (P<0.05). Error bars indicate SD. (D) 
Microscopy of trypan blue-stained leaves from Col-0 and 35S-GLY1 plants inoculated 
with C. higginsianum. The leaves were spot-inoculated with water or C. higginsianum 
and harvested at 5 dpi. Dark spots marked by arrows are appressoria.  
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Figure 6.4. Pathogen response and camalexin levels in C. higginsianum-inoculated 
plants. (A) Disease symptoms on Col-0, act1, pad3, act1 pad3, 35S-GLY1 or pad 35S-
GLY1 plants spot-inoculated with 106 spores/ml of C. higginsianum. The leaves were 
photographed at 7 dpi. (B) Lesion size in spot-inoculated Col-0, act1, pad3, act1 pad3, 
35S-GLY1 or pad 35S-GLY1 plants. The lesion size was measured from 20-30 
independent leaves at 7 dpi. Asterisks indicate data that is statistically significant from 
that of control (Col-0) (P<0.05). Error bars indicate SD. (C) Camalexin levels in water- 
or C. higginsianum-inoculated Col-0, act1,  pad3 or act1 pad3 plants determined at 3 dpi. 
Error bars indicate SD. 
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Figure 6.5. Pathogen response and JA levels in mutants impaired in the JA pathway. (A) 
Disease symptoms on Col-0, fad7, fad7 fad8, coi1 and jar1 plants spot-inoculated with C. 
higginsianum. (B) Lesion size in spot-inoculated genotypes. The plants were spot-
inoculated with C. higginsianum and the lesion size was measured from 20-30 
independent leaves at 6 dpi. Error bars indicate SD. (C) JA levels measured in Col-0, 
fad7, fad7 fad8, coi1 and jar1 plants. The plants were spray-inoculated with C. 
higginsianum and JA levels were quantified at 4 dpi. The error bars indicates SD. 
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Figure 6.6. Pathogen response in etr1 plants. (A) Disease symptoms on Col-0 and etr1 
plants spray-inoculated with water or 106 spores/ml of C. higginsianum. (B) Percentage 
infection and symptom severity seen after  spray-inoculation of C. higginsianum on Col-0 
and etr1 leaves. The numbers on the bars indicate the percent infection and the shading 
indicates the percentage of  necrosis observed on 40-60 individual leaves (see key at 
right).  
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Figure 6.7. Pathogen response, PR-1 gene expression and SA levels in C. higginsianum-
inoculated plants impaired in SA pathway. (A) Disease symptoms on mutants impaired in 
SA pathway. The  plants were spot-inoculated with 106 spores/ml of C. higginsianum and 
leaves were photographed at 7 dpi. (B) Lesion size in spot-inoculated genotypes shown in 
A. The lesion size was measured from 20-30 independent leaves at 7 dpi. Error bars 
indicate SD. (C) Disease symptoms in water- or BTH-treated plants. Plants were spot-
inoculated with 106 spores/ml of C. higginsianum and photographed at 7 dpi. (D) Lesion 
size in spot-inoculated genotypes shown in C. The lesion size was measured from 20-30 
independent leaves at 7 dpi. Asterisks indicate that data is significantly significant 
(P<0.05). Error bars indicate SD. (E) Disease symptoms in Col-0, pad3 and etr1 plants. 
The plants were treated with water or BTH and spot-inoculated with 106 spores/ml of C. 
higginsianum. The leaves were photographed at 7 dpi. (F) Lesion size in spot-inoculated 
Col-0, pad3 and etr1 plants treated with water or BTH. The lesion size was measured 
from 20-30 independent leaves at 7 dpi. Error bars indicate SD. (G) RNA gel blot 
showing PR-1 gene expression in Col-0, pad3 and etr1 plants spray-inoculated with 
water or 106 spores/ml of C. higginsianum. The samples were collected at 3 dpi. RNA gel 
blot analysis was performed on ~7 µg of total RNA and ethidium bromide staining of 
rRNA was used as a loading control. (H) SA and SA glucoside (SAG) levels (I) in the 
indicated genotypes. The plants were inoculated with water or 106 spores/mL of C. 
higginsianum and the samples were collected at 4 dpi.  
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Figure 6.8. PR-1 and PDF1.2 gene expression and SA/SAG levels in C. higginsianum 
inoculated  Col-0, gly1, gli1 and act1 plants. (A) Northern blot analysis of PR-1 gene 
expression in Col-0, gly1, gli1 and act1 plants spray-inoculated with water or 106 
spores/ml of C. higginsianum. The samples were collected at 3 dpi. RNA gel blot 
analysis was performed on ~7 µg of total RNA extracted and ethidium bromide staining 
of rRNA was used as a loading control. (B) SA levels in Col-0, gly1, gli1 and act1 plants 
inoculated with water or 106 spores of C. higginsianum. The plants were spray-inoculated 
and the samples were collected at 3 dpi. (C) SA glucoside (SAG) levels in Col-0, gly1, 
gli1 and act1 plants inoculated with 106 spores of C. higginsianum. The plants were 
spray-inoculated and the samples were collected at 3 dpi. (D) Northern blot analysis of 
PDF1.2 gene expression in Col-0, gly1, gli1 and act1 plants spray-inoculated with water 
(mock) or 106 spores/ml of C. higginsianum. The samples were collected at 3 dpi. RNA 
gel blot analysis was performed on ~7 µg of total RNA extracted and ethidium bromide 
staining of rRNA was used as a loading control. 
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Figure 6.9. Pathogen response and G3P levels in the ssi2 background (A) Disease 
symptoms on wt, ssi2, ssi2 eds1, ssi2 eds5, ssi2 pad4, ssi2 ndr1 and ssi2 sid2 plants. The  
plants were spot-inoculated with 106 spores/ml of wt C. higginsianum and photographed 
at 7 dpi. (B) Lesion size in spot-inoculated genotypes shown in A. The lesion size was 
measured from 20-30 independent leaves at 7 dpi. Asterisks indicate that data is 
significantly significant (P<0.05). Error bars indicate SD. (C) Disease symptoms on Col-
0, Nö, ssi2, pad3  and ssi2 pad3 plants. The  plants were spray-inoculated with 106 
spores/ml of wt C. higginsianum and photographed at 7 dpi. (D) Lesion size in spot-
inoculated Col-0, Nö, ssi2, pad3 and ssi2 pad3 plants. The lesion size was measured from 
20-30 independent leaves at 7 dpi. Asterisks indicate that data is significantly significant 
(P<0.05). Error bars indicate SD. (E) G3P levels in C. higginsianum -inoculated Nö and 
ssi2 plants. Plants were spray-inoculated and samples were collected at indicated times. 
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Figure 6.10. Pathogen response in plants treated with water or with glycerol. (A) Disease 
symptom on Col-0,Ws-0, sid2, npr1, eds1, pad3 and etr1 plants treated for 3 days with 
water or glycerol. Except eds1 (Ws-0) all other mutants were in Col-0 background. The 
plants were spot-inoculated with C. higginsianum and photographed at 7dpi. (B) Lesion 
size in spot-inoculated Col-0, Ws-0, sid2, npr1, eds1, pad3 and etr1 plants treated with 
water or glycerol. The lesion size was measured from 20-30 independent leaves at 7 dpi. 
Statistical significance was determined using Students t-test. Asterisks indicate 
significant difference between glycerol and water treated plants (P<0.05). Error bars 
indicate SD. 
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APPENDIX-A 
 
LIST OF ABBREVIATIONS 
 
Acronym/ 
abbreviation Expansion 
L/mL/µL Liter/ milliliter/ microliter 
M/mM/µM Molar/millimolar/ micromolar 
g/mg/µg/ng Gram/ milligram/ microgram/ nanogram 
h/min/sec Hours/minutes/seconds 
Rh Relative humidity 
oC Degree centigrade 
16:0 Palmitic acid 
16:3 Hexadecatrienoic acid 
18:0 Stearic acid 
18:1 Oleic acid 
18:2 Linoleic acid 
18:3 Linolenic acid 
AA Acetic acid 
BHT Butylated hydroxy toluene 
BTH Benzo[1,2,3]thiadiazole-7-carbothioic Acid S-Methyl Ester 
CAPS Cleaved Amplified Polymorphic Sequences 
Cm2 Square centimeter 
dATP Deoxyribo adenosine triphosphate 
dCAPS Derived Cleaved Amplified Polymorphic Sequences 
dCTP Deoxyribo cytosine triphosphate 
DEPC Diethyl pyrocarbonate 
dGTP Deoxyribo guanidine triphosphate 
DHAP Dihydroxyacetone phosphate 
DJA Dihydro jasmonic acid 
dNTP Deoxyribo nucleic triphosphate 
Dpi Day post inoculation 
DPT Day post treatment 
DTT Dithiothreitol 
dTTP Deoxyribo tyrosine triphosphate 
DW Dry weight 
EDTA Ethylene diamine tetra acetic acid 
FA Fatty acid 
FAME Fatty acid methyl ester 
FW Fresh weight 
G3P Glycerol-3-phosphate 
GC Gas chromatography 
HCl Hydrochloric acid 
 119    
 
List of abbreviations (continued) 
 
HPT Hygromycin phospho transferase 
JA Jasmonic acid 
K2HPO4 Potassium phosphate, dibasic 
KCl Potassium chloride 
LB Luria-Bertani 
MeJA Methyl jasmonic acid 
MgCl2 Magnesium chloride 
MgSO4 Magnesium sulfate 
MOPS 3-(N-morpholino)propanesulfonic acid 
NaCl Sodium chloride 
NaOAc Sodium acetate 
NaOH Sodium hydroxide 
NaPO4 Sodium phosphate 
NPT Neomycin phospho transferase 
PCR Polymerase chain reaction 
R Resistant or resistance 
SA Salicylic acid 
SAG Salicylic acid Glucoside 
SDS Sodiumdodecyl sulfate 
SSC Sodium chloride, sodium citrate 
TBE Tris- borate/ EDTA electrophoresis buffer 
TE TRIS-EDTA 
TLC Thin layer chromatography 
TRIS Hydroxymethyl Aminomethane 
UV Ultra violet 
Wt Wild-type 
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